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ABSTRACT
Spatially-variant photonic crystals (SVPCs) created using materials having a low refractive
index are shown to be capable of abruptly controlling light beams with high polarization
selectivity. SVPCs are photonic crystals for which the orientation of the unit cell is controllably
varied throughout the lattice to control the flow of light.

Multi-photon lithography in a

photo-polymer was used to fabricate three-dimensional SVPCs that direct the flow of light around
a 90 degree bend.

The optical performance of the SVPCs was characterized using a

scanning-optical-fiber system that introduced light onto the input face of a structure and measured
the intensity of light emanating from the output faces.
As a proof-of-concept, SVPCs that can bend a beam at a wavelength of λ0 = 2.94 μm were
fabricated in the photo-polymer SU-8. The SVPCs were shown to direct infrared light of one
polarization through a sharp bend, while the other polarization propagated straight through the
SVPC, when the volumetric fill-factor is near 50%. The peak-to-peak ratio of intensities of the
bent- and straight-through beams was 8:1, and a power efficiency of 8% was achieved. The low
efficiency is attributed to optical absorption in SU-8 at λ0 = 2.94 μm.
SVPCs that can bend a beam at telecommunications wavelengths near λ0 = 1.55 μm were
fabricated by multi-photon lithography in the photo-polymer IP-Dip. IP-Dip was chosen over
SU-8 to enable fabrication of finer features, as are needed for an SVPC scaled in size to operate at
shorter wavelengths. Experimental characterization shows that these particular SVPCs provide
effective control of the vertically polarized beam at λ0 = 1.55 μm, when the volumetric fill-factor
is around 46%. The beam bending peak efficiency was found to be 52.5% with a peak-to-peak
ratio between the bent- and straight-through beams of 78.7. Additionally, these SVPCs can bend
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a light beam with a broad bandwidth of 153 nm that encompasses both the C- and S-bands of the
telecommunications window. Furthermore, the SVPCs have high tolerance to misalignment, in
which an offset of the input beam by as much as 6 μm causes the beam-bending efficiency to drop
no more than 50%. Finally, it is shown that these particular SVPCs can bend beams without
significantly distorting the mode profile. This work introduces a new scheme for controlling light
that should be useful for integrated photonics.
The penultimate chapter discusses nonlinear phenomena that were observed during the
optical characterization of the SVPCs using a high peak-power amplified femtosecond laser
system. The first of these effects is referred to as "super-collimation", in which the beam bending
peak efficiency of certain SVPCs increases with input intensity, reaching as high as 68%. The
second effect pertains to nonlinear imaging of light at λ0 = 1.55 μm scattered from an SVPC and
detected using a silicon-CCD camera. This effect enables beam bending within the device to be
imaged in real time. The dissertation concludes with an outlook for SVPCs, discussing potential
applications and challenges that must be addressed to advance their use in photonics.
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1. INTRODUCTION
Researchers are investigating photonic devices that can be used to control, confine, route,
and manipulate light in sub-wavelength length scales, comparable to electronic devices.1, 2 The
goal is to create densely populated optoelectronic circuits that offer greater signal processing
bandwidth than that which is available using conventional electronics. In order to be effective,
devices like optical interconnects need to confine light within length-scales comparable to the
wavelength of light and must be based on materials that are compatible with existing
manufacturing infrastructure.3, 4 Materials are readily available like silicon, glass, polymers, and
metals. However, confinement at the nanoscale is problematic because conducting devices like
metals are lossy at optical frequencies5, and dielectric devices based on total internal reflection
(TIR) are leaky at sub-wavelength scale.6 Moreover, fabrication methods that can be used to create
complex three-dimensional (3D) microstructures are still immature.7

1.1

Optical interconnects
The International Technology Roadmap for Semiconductors (ITRS) 2013 states that the

limits of current interconnects are the primary obstacle to improving overall chip performance.8
The performance of the communication interconnects between devices limits the performance of
the computational systems rather than the devices themselves.9, 10 Interconnects consume the
majority of the area, time delay, and power in a microelectronic integrated circuit (IC). The
functions of interconnects are to route signals, distribute the clock, and provide power or ground
to the various devices in a chip. As the feature size of electronic chips is rapidly scaling following
the exponential trend implied in "Moore’s law"11, a larger number of devices can be incorporated
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into a single chip, which improves processing performance and lowers cost. However, the
performance of electrical interconnects does not scale like that of the components within the
microchips, so the overall performance of electronic devices is beginning to stagnate. Metal
interconnects have inherent problems − such as skin effect, interference, crosstalk, signal
reflections, and electrical noise − that result in clock-skew, random propagation delay, and signal
attenuation and distortion.12 The fundamental challenge for interconnect development is to meet
the low-power high-bandwidth transmission demands of information systems as size continues to
scale down.
The time required to develop a voltage on a conducting wire fundamentally limits the
bandwidth of an electronic interconnect. For a simple one-stage low-pass RC network, the
bandwidth of an interconnect is inversely proportional to the voltage rise time τrise:13
0.35

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ =

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

,

(1.1)

where τrise = 2.2RC,13, 14 and the resistance and capacitance of the wire are R and C, respectively.
Consider a metal interconnect of length l, width w, and cross-sectional area A with an electrical
resistivity ρ and relative static permittivity εr. The electrical resistance of the interconnect is
proportional to its length and inversely proportional to its cross-sectional area:
𝑙𝑙

𝑅𝑅 = 𝜌𝜌 .

(1.2)

𝐴𝐴

The capacitance is also proportional to l, but is independent of A for a given planar geometry11, so
overall
𝐶𝐶 = 𝜀𝜀𝑟𝑟 𝜀𝜀0

2

𝑙𝑙𝑙𝑙
𝑑𝑑

,

(1.3)

where ε0 is the electric constant (ε0 = 8.854 × 10-12 F·m-1) and d is the separation between the
interconnect and the substrate. Considering a copper or aluminum interconnect, the bandwidth
limit can be obtained given by11
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ ≅ 1016

𝐴𝐴

𝑙𝑙 2

𝐻𝐻𝐻𝐻.

(1.4)

Equation 1.4 suggests that the bandwidth can be increased by increasing the cross-sectional area
or shorten the length of the interconnect. Though shortening the length of the interconnect goes
with the miniaturization of the integrated circuits, increasing the cross-sectional area would mean
the opposite. In the end, there is a limit on how far we can push the design optimization of the
interconnect to allow the maximum bandwidth.
The bandwidth limit of the electrical interconnect had been known for some time now as
evident by the use of optical fibers in long distance communications. Optical interconnects can
meet the challenge of high-bandwidth transmission. At 1550 nm, the theoretical bandwidth is on
the order of 200 THz which is 200,000 times larger than the electrical interconnect. Furthermore,
wavelength division multiplexing further increases the bandwidth by using more than one optical
carrier/wavelength in a single interconnect. Using optical interconnects in the communication
systems offers other advantages, including increased communication speed, reduced crosstalk,
lower power dissipation, reduced cost, and high interconnect densities.15, 16
The advantages of optical interconnects over electronic interconnects derive from
fundamental difference between photons and electrons. Electrons are charged fermions which
experience strong reaction and strong mutual interaction to other charged particle, whereas photons
are neutral bosons that are unaffected by Coulomb forces and mutual interaction. But the
technology of optical fibers used for long-haul communications are not all directly transferrable to
short distances associated with chip-to-chip and intra-chip communications. For long distance
3

communication, the major optimization challenge is to design a waveguide that can carry the
maximum bandwidth over the longest possible distance. For short distance communications
especially in the chip level, size and power dissipation are the most important which are not critical
in long distances.17 There are also similarities like signal integrity and wavelength division
multiplexing to increase the information capacity and allow wavelength switching and routing.
Although the optical interconnect technology for long distance communication is mature, the
corresponding technologies for short distances are far less mature.17
Various optical interconnect architectures have been explored for chip-to-chip applications
that will exceed 100 Gb/s rates.18-21 Optical backplanes22, active optical cables (AOC)23, and
optical-printed circuit board (o-PCB)24 use some or all of these components: vertical-cavity
surface-emitting lasers (VCSELs), surface-illuminated photodiodes (PDs), turning mirrors, lens
arrays, and polymer waveguides (Fig. 1.1). Most of these architectures are based on free-space
optical interconnects (FSOIs). FSOIs do not need physical path like waveguides or photonic
crystals (PhCs) in signal propagation.25 FSOI exploits the free-space but needs lenses and mirrors
in the communication channels. The term “free-space” does not necessarily mean that light travels
though air. It can also propagate in a medium such as bulk glass or plastic. The advantages are
that FSOI can utilize the full bandwidth and parallelism of optics, there are no crosstalks and losses
in optical crossings, and there is flexibility in networking configurations.26 The architectures
above are simple yet they are costly to fabricate and package. They also introduce significant
alignment issues that hinder manufacturability, and they are too bulky to be integrated to electronic
circuits. Additionally, they are not scalable to 3D interconnect needs, nor are they scalable down
to the chip level. Most on-chip optical interconnects require complex schemes and are based on
optical waveguides. Optical waveguides are nanoscale transmission lines that confines light
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through TIR.27 Optical waveguiding is a mature technology that is very efficient and can be
adapted to existing fabrication processes used for manufacturing integrated circuits.

But

waveguides cannot scale down completely to sub-wavelength scale since it becomes leaky6, it
lacks bending flexibility due to radiation losses28, and its separation is limited by coupling-induced
crosstalk between adjacent waveguides.29 Due to these constraints, researchers are looking at PhC
waveguide since PhCs offer good lateral confinement at dimensions smaller than the
wavelength.30, 31

Figure 1.1. One of the leading approaches for chip-to-chip optical interconnects, which
uses mirror and lens arrays to couple into flexible polymeric waveguides. Image taken from
Doany et al.24

1.2

State-of-the-art on optical interconnects
Several approaches were reported in the literature for bending light through sharp turns.

With graded PhCs,32-35 parameters such as the fill-factor, refractive index, and lattice spacing were
gradually modified in a periodic lattice to derive a targeted beam steering performance. In graded
index PhCs, the refractive index was tuned to exploit the dispersion near the band edge.
Experimental characterization showed a PhC waveguide which can bend beams with 24%
5

bandwidth.35 The structure was made of dielectric rods with constant radius and a refractive index
that follows a hyperbolic secant profile. Using a graded-lattice PhC in bending 1550 nm beam, a
tight bending radius of 2.45λ0 was computationally achieved36 with an InP material having a
refractive index of n = 3.21. In the work of Do et al.,32 the fill-factor was gradually varied to
achieve beam bending by drilling air-holes in the silicon-on-insulator (SOI). The corrugation of
the PhC was on the order of the wavelength rather than sub-wavelength. Optical characterization
showed that the structure bend light towards the region of large radius air holes with a bending
radius of 20λ0. The main disadvantage of the graded PhC technique was that it cannot abruptly
bend a beam without using very high refractive index materials or metals which introduce ohmic
loss.37
Plasmonics38, metamaterials39, and their combination40 provide another way for tight beam
control, but they require complex fabrication procedures, and they introduce substantial loss due
to its reliance on metallic sub-wavelength structures.41 Plasmonic waveguide is a method in
manipulating light in the subwavelength scale by coupling electromagnetic wave with charge
oscillation at the metal-dielectric interface. Using e-beam lithography, a plasmonic nanostructure
made of gold nanowire fabricated on a glass substrate has shown very tight beam bending with
bending radius of 1.29λ0. Despite a bending loss of just 0.1 µm-1 for bending radius above 2 µm,
the transmission efficiency of the structure was only 53% due to ohmic losses. Ag nanowire
waveguide was also studied with a bending loss of 11 dB for a 5 µm radius and a propagation loss
of 18.5 dB.42
Transformation optics (TO) spatially modifies the permittivity and/or permeability to
control the electromagnetic field, including abrupt beam bending.43, 44 Designs using TO are
conceptually attractive but impractical since they need exotic and typically lossy media to achieve
6

the required electric and magnetic response.45 A transformation-optical waveguide bend was
shown computationally that eliminated or strongly reduced mode perturbation and reflections.46
Experimental beam bending using transformation optics was demonstrated47 that used
grayscale-lithography to compensate for the gradient anisotropy requirement of TO. A TO
waveguide with a bending radius of 50.8 µm was shown to have a 14.6 dB improvement in the
average transmission coefficient for the fundamental mode compared to a conventional waveguide
with the same radius.47
The self-collimation phenomena has also been used to bend beams orthogonally in a
channelless PhCs.48 The structure was a planar PhC with a mirror on the center, a small rectangular
air area etched along the Γ-M direction. The computational ratio achieved between the bend
structure and straight structure without a mirror was 82.9% and was very sensitive to the mirror
alignment. Another 2D photonic crystal with a diagonal line defect at the center was shown to
bend light by self-collimation.49 The line defect was introduced by removing three rows of rods
along the Γ-X direction. Removing less than three rows of rods resulted in a structure that can split
the collimated beam into three or more beams. All the beam bending devices that utilized the
self-collimation effect were non-continuous, were 2D, and were not experimentally demonstrated.
Purely 3D device based on self-collimation effect is needed to completely confine the light as it
propagates through the structure.

1.3

Multi-photon lithography
Fabrication of complex 3D PhCs has always been a challenge. For many years intensive

research on 3D microfabrication has been done to meet the ever growing demand for
miniaturization of functional optical devices.50 Existing technologies in the mature semiconductor
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industry use techniques, such as the photolithography51 and e-beam lithography52 to fabricate 2D
PhCs. Although these techniques offer adequate resolution, the apparent disadvantage is that it is
challenging, cost-prohibitive, time consuming, and limited to certain geometries and designs to
fabricate 3D structures one layer at a time.53
Multi-photon lithography (MPL) is a powerful, low-cost, room temperature technique that
can be used to create 3D nanophotonic devices.54, 55 It is a digital manufacturing technique capable
of being used to fabricate highly complex 3D structures in the nanometer scale.56, 57 MPL is based
on nonlinear multi-photon absorption and used to fabricate nanostructures by tightly focusing a
femtosecond-pulsed laser beam into a photo-sensitive material such as polymeric photoresist.58-60
Since it is a nonlinear process, the material must be optically transparent to single photon
absorption and must be capable of simultaneously absorbing multiple photons with an excitation
rate that is dependent on the local irradiance of the excitation wavelength. This can be achieved
by tightly focusing an ultrashort pulse laser with a high numerical aperture (NA) objective into the
material that triggers a physical or chemical change in the exposed region, such as photo-initiated
polymerization. With high-NA focusing, the exposure volume can be as small as λ/n where the
irradiance is high enough to effect physical or chemical change.61 Outside the focal volume, the
irradiance decreases below the material-processing threshold, and no physical or chemical change
occurs. Complex 3D structures can be fabricated by scanning the tightly focused laser beam into
the material following a designed pattern (Fig. 1.2). For a negative-tone photoresist,62, 63 soaking
the sample in an etchant will remove the unexposed material leaving behind a free-standing
structure that is a replica of the spatially exposed region.

8

Figure 1.2. Fabrication by MPL in a negative-tone photo-resist. (a) Photo-patterning by
scanning the laser beam within the volume of a negative-tone photosensitive material. (b)
Development in a liquid solvent etchant that removes unexposed material. (c) The
free-standing structure that results after patterning and development. (d) SEM image of the
free-standing structure.

1.4

Thesis overview
In this dissertation we have demonstrated a spatially-variant photonic crystal (SVPC) that

can bend a beam in a 90 degree turn (Fig. 1.3). It is an example of a complex 3D structure that
can be fabricated using multi-photon lithography and could become an important part of
optoelectronic interconnect strategies. Chapter 1 of this dissertation provides a brief overview of
current challenges in creating optically interconnected circuits and how SVPCs could provide
solutions for this emerging technology. Chapter 2 describes the physics of photonic crystals,
self-collimation, and how these can be leveraged for the design of SVPCs. Chapter 3 discusses
the experimental methods used to fabricate and characterize SVPCs.

Chapter 4 shows

proof-of-concept results of a SVPC that was designed and fabricated to bend light beams having

λ0 = 2.94 µm.

Chapter 5 shows how these results were extended to telecommunications
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wavelengths by fabricating and characterizing an SVPC that can control light having λ0 = 1.55 µm.
Chapter 6 describes an intensity-dependent beam-bending effect that was observed for the SVPCs.
Concluding remarks and a statement of future work are then provided in Chapter 7.

Figure 1.3. False-color scanning electron microscope (SEM) image of an SVPC (yellow)
having a volumetric fill-factor of 53%. Incident light (red) is directed to flow through a
90° turn. The pedestal (green) supports the SVPC to allow detector and source fibers to be
scanned across the faces of the lattice to measure the relative intensity of light (blue ribbon)
exiting from the lattice. Image taken from Digaum et al.64
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2. THEORY OF SPATIALLY-VARIANT PHOTONIC CRYSTALS
2.1

Overview of photonic crystals
PhCs are multidimensional periodic optical nanostructures with lattice spacing on the order

of half the wavelength of light (Fig. 2.1). The propagation of waves through a periodic structure
had been studied since the late 19th century by famous researchers like Floquet (1884), Bragg
(1913), Lawrence (1913), and Bloch (1928). These studies focused on one-dimensional structures,
like the Bragg mirror. It was not until the 1970s that higher-dimensional structures were proposed
to improve the properties of light emitters by inhibiting spontaneous emission.65

In 1987

Yablonovitch66 coined the terms "photonic bandgap" and "photonic crystals", as he formally
recognized the similarities between electromagnetic waves propagating in a periodic structures
and electrons propagating in a crystal. PhCs modify the behavior of photons in a way similar to
the way atomic crystals modify the behavior of electrons. He proposed a structure that overlaps
that electronic and photonic bandgap to enhance the performance of a laser. At almost the same
time, John67 independently used the same periodic structure to confine light in a strongly scattering
dielectric device. These initial works opened up the possibility of controlling light using PhCs and
led to a more diverse research and development of one-dimensional (1D), two-dimensional (2D),
and three-dimensional (3D) optical structures.
A Bragg mirror is a periodic thin-film stack with quarter-wavelength thicknesses of
alternating refractive indices, and is essentially a 1D PhC. For a Bragg mirror, only certain
frequencies are allowed to transmit through the structure, resulting in the presence of a photonic
bandgap. In this structure, two effects govern light propagation – Fresnel reflection and the Bragg
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effect.

Fresnel reflection is experienced at every interface.

For normal incidence, the

reflected-wave amplitude at one interface is given by68

𝑟𝑟 =

𝑛𝑛2 − 𝑛𝑛1
𝑛𝑛2 + 𝑛𝑛1

,

(2.1)

where n1 and n2 are the refractive indices of the layers. The Bragg effect occurs when waves
reflected from multiple interfaces within a periodic structure interfere with one another, creating
enhanced and decreased reflection at certain frequencies. The reflection is strongest for k = π/a,
where a is the lattice spacing. A photonic bandgap occurs at those frequencies for which the Bragg
effect is strongest. The width of the bandgap depends on the refractive index contrast of the
alternating layers. Increasing the index contrast between the alternating layers increases the
bandwidth of the reflected wavelengths.

Figure 2.1. Schematic illustration of 1D, 2D, and 3D PhCs. The periodicity is depicted by
the alternating layers of two different materials represented by its refractive indices n1 and
n2, and a is the lattice constant.

Two-dimensional (2D) and higher-dimensional PhCs can be envisioned as a superposition
of one or more 1D PhCs that add angular bandwidth with spectral bandwidth to the structure. For
different propagation directions, light experiences different effective lattice spacings, therefore
their bandgap is at different frequency ranges. The overlap of these 1D bandgaps is the photonic
12

bandgap of the 2D PhCs which is the spectral range in which the structure reflects light irrespective
of the direction of propagation. This bandgap can be attributed as a “photonic insulator” because
the gap does not allow the light to propagate. Strong mode confinement in higher-dimensions
PhCs is attained due to this bandgap that results to transmission selectivity. Engineering PhCs by
introducing point and line defects creates states in the bandgap that allows certain light to
propagate and provides additional functionalities that can be used in a wide range of many
applications including photonic waveguides69, channel drop and filters70, cavity resonators71,
optical switches72, coupled waveguide73, and optical spectrometers74. All these applications are
bandgap-based and rely upon the ability of a PhC to confine light.

2.2

Electromagnetic waves in photonic crystals
The propagation of electromagnetic waves outside and within a PhC is enabled by the

mutual interdependence between the time-varying electric and magnetic fields.75 A magnetic field
is produced by a time-varying electric field. In the same manner, an electric field is created with
a time-varying magnetic field. Maxwell’s equations describe the behavior of both the electric and
magnetic fields and are based on the experimentally established Coulomb’s law, Faraday’s law,
and Ampère’s law. In differential form, Maxwell’s equations for time-varying fields are given by
Eqns. (2.2 - 2.5).76
∇ × 𝑬𝑬(𝒓𝒓, 𝒕𝒕) = −
∇ ∙ 𝑫𝑫(𝒓𝒓, 𝒕𝒕) = 𝜌𝜌,

𝜕𝜕𝑩𝑩(𝒓𝒓,𝒕𝒕)
𝜕𝜕𝜕𝜕

,

∇ × 𝑯𝑯(𝒓𝒓, 𝒕𝒕) = 𝑱𝑱(𝒓𝒓, 𝒕𝒕) +
∇ ∙ 𝑩𝑩(𝒓𝒓, 𝒕𝒕) = 0.
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(2.2)
(2.3)
𝜕𝜕𝑫𝑫(𝒓𝒓,𝒕𝒕)
𝜕𝜕𝜕𝜕

,

(2.4)
(2.5)

The physical quantities (bold represents vector quantities) are the electric field E, the magnetic
field B, electric displacement D, charge density ρ, magnetic field strength H, and current density
J. For a linear, isotropic, homogenous media, the constitutive equations that relate D to E and B
to H are
𝑫𝑫 = 𝜀𝜀𝑟𝑟 𝜀𝜀0 𝑬𝑬,

(2.6)

𝑩𝑩 = 𝜇𝜇𝑟𝑟 𝜇𝜇0 𝑯𝑯,

(2.7)

where ε0 and µ0 are the permittivity and permeability of free space, and εr and µr are the relative
permittivity and permeability of the material. Using the constitutive equations and assuming there
are no free charges or electric currents, Maxwell’s equations become:
∇ × 𝑬𝑬 = −𝜇𝜇𝑟𝑟 𝜇𝜇0
∇ ∙ 𝑬𝑬 = 0,

∇ × 𝑯𝑯 = 𝜀𝜀𝑟𝑟 𝜀𝜀0

𝜕𝜕𝑯𝑯
𝜕𝜕𝜕𝜕

,

(2.8)
(2.9)

𝜕𝜕𝑬𝑬

∇ ∙ 𝑯𝑯 = 0.

𝜕𝜕𝜕𝜕

,

(2.10)
(2.11)

The wave equation for the electric field is obtained by taking the curl of Eqn. 2.8, rearranging the
order of differentiation, and substituting with Eqn. 2.10 to obtain
∇ × (∇ × 𝑬𝑬) = −𝜀𝜀𝑟𝑟 𝜀𝜀0 𝜇𝜇𝑟𝑟 𝜇𝜇0

Using the vector identity of the curl of the curl,

𝜕𝜕 2 𝑬𝑬
𝜕𝜕 2 𝑡𝑡

.

∇ × (∇ × 𝑬𝑬) = ∇(∇ ∙ 𝑬𝑬) − ∇2 𝑬𝑬,

(2.12)

(2.13)

to expand the left-hand side of Eqn. 2.12 and substituting Eqn. 2.13, simplifies the wave equation
to
∇2 𝑬𝑬 =

1 𝜕𝜕2 𝑬𝑬

𝑣𝑣 2 𝜕𝜕 2 𝑡𝑡

.

The speed of wave propagation in the media is defined as
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(2.14)

𝑣𝑣 =

1

�𝜀𝜀𝑟𝑟 𝜀𝜀0 𝜇𝜇𝑟𝑟 𝜇𝜇0

.

(2.15)

For a periodic, nonmagnetic, dielectric material with an electromagnetic wave propagating with
frequency ω, Eqn. 2.12 can be written as
∇ × [∇ × 𝑬𝑬(𝒓𝒓)] = 𝜔𝜔2 𝜇𝜇0 𝜀𝜀(𝒓𝒓)𝑬𝑬(𝒓𝒓).

(2.16)

This can also be derived in terms of the magnetic field H(r) which yields
∇ × �

1

𝜀𝜀(𝒓𝒓)

where c is the speed of light in vacuum,

𝜔𝜔 2

∇ × 𝑯𝑯(𝒓𝒓)� = � � 𝑯𝑯(𝒓𝒓),
𝑐𝑐

𝑐𝑐 =

1

�𝜀𝜀0 𝜇𝜇0

.

(2.17)

(2.18)

Equations 2.16 and 2.17 take the form of a generalized eigenvalue equation Av = λv, with for
example H(r) as the eigenvector v and (ω/c)2 as the eigenvalue λ. The term (∇ × 1/ε∇ ×) is then
the eigen-operator, and it is sometimes called Maxwell operator. Because the Maxwell operator
is Hermitian, the eigenvalues (ω/c)2 must be real.
The wave equation derived from Maxwell’s equation does not have a characteristic length
scale,77 so it is scale invariant. Scaling the dimension of a particular photonic crystal problem will
not change the solution but only change the frequencies by a scale factor (assuming ε(r) is not
dispersive). If the dimensions of the photonic crystal are scaled accordingly and the material
properties are unchanged, then photonic structures can be fabricated, experimentally tested and
validated at more fabrication-friendly microwave frequencies, with confidence that the same
observations made will hold for shorter wavelength versions. This is an invaluable tool for testing
hypotheses associated with more complex 3D photonic crystals before attempting to fabricate
scaled structures that can function analogously at optical frequencies.
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2.3

Dispersion surfaces and self-collimation
Dispersion surfaces are the set of solutions to the eigenvalue problem of Eqn. 2.17. The

visual representation of the spatial variation of the spectral properties of the PhC can be provided
by the dispersion surfaces. It characterizes the relationship between the frequency of the wave ω
and its corresponding wave vector k. These can be calculated using Bloch mode expansion
techniques78, plane wave expansion method (PWEM)79, or the finite-difference time-domain
(FDTD) method80. Figure 2.2 is an example of the rendering of a dispersion surface that is
obtained by exploiting the symmetry operations after calculating all the eigenfrequencies within
the Brillouin zone for wavevectors at all k-points81. The shape of the dispersion surface depends
upon the symmetry and structure of the lattice, the lattice period, the fill-factor, and the refractive
index of the constituent material(s). The dispersion surfaces show which modes can propagate
outside the bandgap, with limitations determined by the lattice spacing of the PhCs. Kosaka et al.
showed that these modes exhibit strong angle-dependence on the input light propagation near the
band edge.82 Outside the bandgap, the spatial and spectral dispersion properties are complex, there
is an existence of multiple eigenmodes that sometimes overlap, and there is a high degree of
degeneracy at certain wavevectors.6 For conventional isotropic materials, the shape of the
dispersion surface is strictly spherical, so phase and energy propagate in the same direction.

16

Figure 2.2. (a) Dispersion surface of the first two bands of a square planar (2D) PhC. The
unshaded mesh represents the light cone. IFC of the (b) first and (c) second bands. The
arrows indicate the direction in which energy flows. Image taken from Witzens et al.81

Light waves in PhCs propagate in directions normal to the dispersion surface. The
information content within a dispersion surface can be also be expressed using an isofrequency
contour (IFC, Figs. 2.2b and 2.2c). An IFC is a cross-section of the dispersion surface that provides
the information needed to predict the response of a PhC when excited at a specific frequency. This
response is used to characterize the spatial characteristics of the propagating modes in the PhCs
and hence establishes its optical properties such as the effective refractive index and the
propagation direction. Shaping the IFC and engineering the dispersion properties of the PhCs can
lead to new exciting design and function of optical devices. The curvature of the dispersion
surfaces, in particular the shape of the IFC, determines whether the beam diverges or converges as
17

it propagates through the lattice, and IFCs having little or no curvature will cause a beam to remain
collimated as it propagates (Fig. 2.3). This follows from the equation83

𝑣𝑣𝑔𝑔 = ∇𝑘𝑘 𝜔𝜔(𝑘𝑘�⃗ )
����⃗

(2.19)

where ����⃗
𝑣𝑣𝑔𝑔 is the group velocity. Equation 2.19 implies that the direction of light propagation is

perpendicular to the IFC, which is similar to the direction of the steepest ascent of the dispersion
surface. Applications utilizing the different IFC shapes include channel-free waveguides84,

variable beam splitters48, highly dispersive superprism85, and routing84.
Kosaka et al.86 used the term "self-collimation" to describe a situation in which light can
propagate through a PhC without diverging, scattering, or undergoing changes in its beam profile.
Self-collimation provides another means for controlling the flow of light within a PhC without
having to use lattice defects and complete photonic bandgaps. It occurs when the IFC is flat and
light is transmitted in the same direction over the entire span of wave vectors k.

For

self-collimation, a flat IFC is ideal, where we can force the flow of light in a direction normal to
the IFC. In this manner, propagation of light within the PhC will have a narrow range of
propagating angle regardless of the direction, shape, and divergence of the incident wavevector.
The first theoretical investigation in a planar PhC for self-collimation was done by Witzens et al.81
Wu et al.87 first showed the experimental demonstration and combination of self-collimation with
superprism to make a deflection device.
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Figure 2.3. Schematic illustration showing the direction of beam propagation (solid arrow)
in real space depending on the curvature of the isofrequency contour where the incoming
wavevector (dashed arrow) is incident.

2.4

Spatially-varied lattices
Spatially-variant photonic crystals (SVPCs) are aperiodic dielectric lattices in which the

phenomenon of self-collimation is exploited to force the flow of light in a preferred direction.88, 89
Through self-collimation, the flow of light can be controlled in 3D with much smaller bend radius
and much lower refractive index contrast compared to other approaches in literature.64, 90 SVPCs
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eliminate the need to use defects-paths and high-refractive-index PhCs to spatially control light in
three-dimensions.
Rumpf et al. first demonstrated how SVPCs were synthesized based on spatial variation of
the unit cell (Fig. 2.4).83, 91 The unit cell of the SVPC was first analyzed for self-collimation using
the IFC. The IFC was calculated by plane wave expansion method on an infinitely uniform lattice.
During this step, the specifications of the unit cell such as the refractive index of the material,
refractive index of the surrounding environment, and lattice spacing were defined. After the unit
cell was defined, the desired spatial variance which in this case is the angular orientation function
was also defined. The unit cell was then decomposed into spatial harmonics. The spatial harmonic
is composed of a three planar grating vectors
𝑲𝑲𝑥𝑥 =

𝑲𝑲𝑦𝑦 =
and its complex amplitude given by

𝑲𝑲𝑧𝑧 =

2π
𝛬𝛬𝑥𝑥

2π
𝛬𝛬𝑦𝑦

2π
𝛬𝛬𝑧𝑧

𝒙𝒙,

(2.20)

𝒛𝒛,

(2.22)

𝒚𝒚,

(2.21)

𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹𝐹𝐹𝐹𝐹3𝐷𝐷 [𝜀𝜀𝑢𝑢𝑢𝑢 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧)]

(2.23)

where Λ is the lattice spacing in the x, y, z direction. To force the light to turn through a 90 degree
turn, the orientation of the unit cell was gradually change to its perpendicular position in a
monolithic and uniform lattice by separately spatially varying the individual spatial harmonics.
The results of the individual variation were added to generate the final lattice. To do this, five
steps were followed.83, 89 First, the spatially variant K function was constructed by defining a grid
over the entire volume of the lattice. The grating vector Km associated with the mth spatial
harmonic was calculated by adding Eqns. 2.20 – 2.22 and then uniformly distributed across the
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grid to form the uniform Km function. This function was then added to the unit cell orientation
function and the lattice spacing function to arrive at the final spatially variant Km function. This
spatially variant Km function described both the period and orientation of the 1D vector grating as
a function of position all throughout the lattice. Second, the grating phase φm function was
calculated from the spatially variant Km function through a gradient operation
∇∅𝑚𝑚 (𝒓𝒓) = 𝑲𝑲𝑚𝑚 (𝒓𝒓).

(2.24)

The grating phase minimized the potential distortions to the final spatially variant lattice. Third,
the spatially variant 1D grating described by a complex dielectric εm function was computed from
the grating phase φm function and the complex amplitude am of the mth spatial harmonic
𝜀𝜀𝑚𝑚 (𝒓𝒓) = 𝑎𝑎𝑚𝑚 exp[𝑗𝑗∅𝑚𝑚 (𝒓𝒓)].

(2.25)

Fourth, a preliminary spatially variant lattice ε’ was constructed by adding all the complex
dielectric functions calculated from all the spatial harmonics
𝜀𝜀 ′ (𝒓𝒓) = 𝑅𝑅𝑅𝑅[∑𝑀𝑀
𝑚𝑚=1 𝜀𝜀𝑚𝑚 (𝒓𝒓)].

(2.26)

Finally, the complete spatially variant lattice was produced by applying a threshold technique to
ε’ and incorporating the actual dielectric constants ε1 and ε2 of the unit cell. For a small number
of spatial harmonics used, the relative dielectric permittivity of the unit cell as a function of
position r was then defined using
𝜀𝜀1
𝜀𝜀𝑟𝑟 (𝒓𝒓) = �𝜀𝜀
2

𝜀𝜀𝑟𝑟′ (𝒓𝒓) ≤ 𝛾𝛾(𝒓𝒓)
𝜀𝜀𝑟𝑟′ (𝒓𝒓) ≥ 𝛾𝛾(𝒓𝒓)

𝜀𝜀𝑟𝑟′ (𝒓𝒓) = cos(𝑲𝑲𝟏𝟏 ∙ 𝒓𝒓) + cos(𝑲𝑲𝟐𝟐 ∙ 𝒓𝒓) + cos(𝑲𝑲𝟑𝟑 ∙ 𝒓𝒓)

(2.27)
(2.28)

where γ is the threshold parameter which defines the fill-factor f as
𝛾𝛾 ≈ cos(𝜋𝜋𝜋𝜋).
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(2.29)

The process of spatial variation is different from transformation optics in that it avoids the need
for complex parameter values like permeability and anisotropy. Compared to graded index, SVPC
has more degrees of freedom in controlling other aspects of the electromagnetic field.

Figure 2.4. (a) Synthesized 3D SVPC that bends light to 90 degrees at the microwave
region superimposed on top its orientation function, (b) its corresponding unit cell with
30% fill-factor, and (c) the isofrequency contour (IFC) of the unit cell with superimposed
field-of-view. Image taken from Rumpf et al.,83 reproduced courtesy of The
Electromagnetics Academy.

Beam bending using SVPC has been experimentally demonstrated in the microwave region
of the spectrum.91 The device was fabricated by a 3D printing technology Stratasys FDM 400 mc
by fused deposition modeling (FDM) using a polycarbonate-ABS blend material with a dielectric
constant of ε = 2.45 at 15 GHz. To center the self-collimation frequency at 15 GHz, the lattice
spacing was chosen to be Λ = 1.59 cm. The field-of-view (FOV) as shown in Fig. 2.4c as a rounded
square cone emanating from the center was 52.5º which enclosed the flat region on the IFC. The
FOV was defined to be the solid angle that bounds the span of angles in k-space over which the
k-vectors are parallel to within 8.7º. To verify that the device bends beam at a 90 degree turn, the
fabricated SVPC was illuminated with a standard-gain horn antenna on the input side from 12 GHz
to 18 GHz. The output at the three other sides of the SVPC was probed using a small monopole
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antenna that was scanned around the perimeter of the device and connected to the Agilent N5245
PNA-X vector network analyzer. From the data taken, it was shown that the SVPC can bend a
beam with 6.5% fractional bandwidth from 14.8 GHz to 15.8 GHz and ca. 20 dB fluctuation in the
field amplitude at the bent-beam side (Fig. 2.5). But prior to the work described in this thesis,
beam bending using 3D SVPCs had not been demonstrated at optical frequencies. The work
described in subsequent chapters illustrates that electromagnetic scaling applies, within limits, and
SVPCs can in fact be fabricated to tightly control the propagation of light in 3D using low index
materials.

Figure 2.5. (a) The experimental setup and the fabricated SVPC tested at 15 GHz with the
corresponding (b) field profile result around the SVPC. Image taken from Rumpf et al.,83
reproduced courtesy of The Electromagnetics Academy.
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3. EXPERIMENTAL METHODS
3.1
3.1.1

Preparation of samples for SVPC microfabrication
Adhesion layer
In order to improve the repeatability and consistency of fabricating free-standing SVPCs,

an adhesion layer was added on top the glass substrate.

Microscope glass slides

(Thermo-scientific) cut into 25 cm × 25 cm sections were used as substrates for SU-8 films. The
substrates were cleaned using the following procedure:
1. Sonicate for 30 minutes in water at 50 ºC.
2. Rinse with deionized (DI) water.
3. Soak in 1 M aqueous potassium hydroxide for 30 minutes at room temperature.
4. Rinse with DI water.
5. Dry in an oven at 100 ºC.
The photopolymer SU-8 2075 (MicroChem, 73.5 wt-% solid) resin was diluted with
cyclopentanone (CAS 120-92-3) to produce a resin with 52 wt-% solid according to the formula
𝑊𝑊𝐶𝐶 =

𝑊𝑊0 (𝑆𝑆0 −𝑆𝑆1 )
𝑆𝑆1

,

(3.1)

where WC is the weight of the cyclopentanone to be added, W0 is the weight of SU-8 2075, S0 is
the wt-% solid of SU-8 2075, and S1 is the desired wt-% solid for diluted SU-8. The diluted resin
(1 mL) was dispensed onto a cleaned substrate using a disposable pipet and spin-coated (Specialty
Coating System G3P-8) following the procedure listed in Table 3.1. This yielded a 5 µm thick
film. The film was then baked to remove residual solvent ("pre-baked") by placing the sample
onto pre-heated hotplates for 1 min at 65 ºC followed by 6 min at 95 ºC. After pre-baking, the
film was exposed to ultraviolet (UV) irradiation (Loctite ZETA 7411-5, 400 W metal halide
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source, 315 nm - 400 nm) for 2 min with the source at approx. 28 cm above the film covered with
reflecting aluminum foil on the sides. Post-exposure bake was done at 65 ºC for 1 min and at
95 ºC for 9 min. All procedures involving photo-polymer resins were performed using dark-room
conditions.

Table 3.1. SCS-G3P spin coating recipe used to create the adhesion layer for SVPC
fabrication.
Step no.
0
1
2

3.1.2

Ramp-time / s
0
5
20

Revolutions / min
0
500
6000

Dwell time / s
0
5
10

Thick SU-8 film
SVPCs were fabricated by MPL within a 160 µm thick layer of SU-8 applied to substrates

pre-coated with the adhesion layer described above. The thick SU-8 layer was created using
undiluted SU-8 2075 (73.5 wt-% solid).

The resin (1 mL) was dispensed onto the

adhesion-layer-coated substrate and spin-coated using the recipe in Table 3.2. The thick film was
then pre-baked for 5 min at 65 ºC and 40 min at 95 ºC, then removed from the hotplate and allowed
to cool to room temperature.

Table 3.2. SCS-G3P spin coating recipe used to create the 160 µm thick SU-8 film.
Step no.
0
1
2

Ramp-time / s
0
5
4.7

Revolutions / min
0
500
1400
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Dwell time / s
0
5
26

3.2

Measurement of n and κ
The values of the ordinary refractive index n and the extinction coefficient κ of the

photo-polymer resins described in this dissertation were obtained by variable-angle spectroscopic
ellipsometry (J.A. Woollam VASE and IR-VASE) kindly performed by Dr. Jeffrey Archangel and
Dr. Glenn Boreman, Department of Physics, University of North Carolina at Charlotte. The
ellipsometry measurements were performed using thin layers of either cross-linked SU-8 or
cross-linked IP-Dip (Nanoscribe) deposited onto a single-side polished silicon wafer. A five inch
diameter wafer was cleaned with acetone, methanol, and DI water, and dried using a stream of
compressed nitrogen gas. The photopolymers were applied as described in the sections that
immediately follow. The reflected light intensity and phase were then measured over a span of
vacuum wavelengths λ0 = 500 nm − 10 µm at one or more angles of incidence. These data were
fitted using a standard oscillator model to extract the complex refractive index n = n + iκ. The
absorption coefficient α at a certain wavelength λ0 was calculated using the formula
𝛼𝛼 =
3.2.1

4𝜋𝜋𝜋𝜋
𝜆𝜆0

.

(3.2)

SU-8
SU-8 2075 was diluted with cyclopentanone according to Eqn. 3.1 to produce an SU-8

solution with 29 wt-% solid. The diluted SU-8 was then spin coated on top the polished side of
the silicon wafer using the recipe in Table 3.1. The wafer with a spin-coated SU-8 was pre-baked
on top a pre-heated hotplate at 95 ºC for 1 min, exposed to UV light for 1 min with the source
approx. 28 cm above the sample, and post-baked on top the pre-heated hotplate at 95 ºC for 9 min.
The n and κ of SU-8 measured using ellipsometry are shown in Fig. 3.1 plotted versus wavelength.
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The profile of κ versus the wavelength was independently confirmed by transmission Fourier
transform infrared spectroscopy (JASCO 4100 FTIR, Fig. 3.2). The film thickness was found to
be 1.6 µm by ellipsometry and was independently verified by imaging the cross-section of the
films using scanning electron microscopy (SEM). At λ0 = 2.94 µm, n = 1.573, and κ = 6.31 × 10-3,
which corresponds to α = 270 cm-1.

Figure 3.1. Plot of refractive index n and extinction coefficient κ acquired using VASE and
IR-VASE ellipsometry measurements (J.A. Woollam) of a cross-linked 1.6 µm thick SU-8
film. The values used to generate the plot are provided in Appendix A: SU-8 n and κ
values. Image taken from Digaum et al.64
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Figure 3.2. FTIR absorbance plot of a 42 µm thick polymerized SU-8 showing the absorbance
peaks at around 3000 cm-1 and 3500 cm-1 which corresponds to the peaks obtained from
ellipsometry at 2.9 µm and 3.4 µm, respectively.

3.2.2

IP-Dip
1.59 g of IP-Dip photoresist (Nanoscribe, n = 1.52 at 780 nm) was diluted with the same

mass of propylene glycol methyl ether acetate (PGMEA, CAS# 108-65-6). The diluted IP-Dip
was spin coated on top the polished side of the silicon wafer using the parameters listed in
Table 3.1, pre-baked on top a pre-heated hotplate for 30 min, and then exposed to UV irradiation
for 15 min with the source approx. 2 cm above the sample. The film thickness was found to be
1.2 µm using the SEM image of the sample cross-section. The plot of the n values of IP-Dip versus
the wavelength is shown in Fig. 3.3. The κ value is zero all throughout the wavelength range in
the plot. At λ0 = 1.55 µm, n = 1.527, and κ = 0 which means that IP-Dip is non-absorbing at the
specified wavelength.
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Figure 3.3. Plot of refractive index n obtained from ellipsometry measurements of a
polymerized 1.2 µm IP-Dip using J.A. Woolam VASE ellipsometer. Values used to
generate the plot are provided in Appendix B: IP-Dip n and κ values.

3.3

Fabrication of SVPCs by multi-photon lithography
SVPCs were fabricated by MPL using the optical configuration shown in Fig. 3.4. The

output of the mode-locked Ti:sapphire laser (Coherent-Mira, 800 nm center wavelength, 120 fs
pulse duration, 76 MHz repetition rate, horizontal polarization) was routed through a half-wave
plate/polarizer combination that changes the polarization of light to vertical and allows manual
adjustment of the average power delivered to the sample. The beam then passed through an
acousto-optic modulator (AOM, Gooch and Housego) which enables automated attenuation of the
average power. The attenuated beam was routed to a periscope to adjust the height of the optical
axis and change the polarization of the beam back to horizontal. The beam was then expanded
spatially using a lens telescope before overfilling the back aperture of the 60×/1.4 NA microscope
objective (Nikon Type A oil, n = 1.51 at 800 nm) that focuses the beam into the photopolymer.
The photopolymer sample was mounted upside down on a three-axis nanopositioner (Physik
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Instrumente 563.3CD) affixed to an inverted microscope (Nikon TE2000-U). A beam splitter was
placed after the laser output to direct a portion of the beam to a frequency-resolved optical gating
instrument (FROG, Femtosecond Technologies) for pulse-width measurement. A second beam
splitter was placed after the half-wave plate/polarizer combination to route part of the beam to a
photodiode (Thorlabs Det210) that provided a reference for the average power of the beam. A
mechanical shutter placed before the AOM was used to manually shutter the laser output during
beam alignment. The average power that exited the microscope objective and eventually reached
the sample was measured using a calibrated integrating sphere (Optronic Laboratory 731).
The patterning of the SVPC was done through a LabView program that simultaneously
controls the voltage input of the AOM or the shutter and the translation of the nanopositioner from
a computer according to a write-file that defines the SVPC structure. The write-file contains the
x-y-z coordinates of the points that define the SVPC, the translation speed, and the exposure power
or shutter state. The sample is translated point by point relative to the focal spot according to the
speed defined in the write-file. Before fabrication, the focal spot of the laser is situated manually
at the interface formed by the photosensitive material and the adhesion layer. This interface was
located by monitoring the back-reflected image of the focused laser beam using a CCD camera.
To ensure good contact and adhesion, the focus was buried 3 µm into the adhesion layer prior to
starting the write file.
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Figure 3.4. MPL setup used to fabricate the SVPC showing the path of the beam before
reaching the photopolymer sample. Part of the beam was routed to a frequency-resolved
optical grating (FROG) for pulse width measurement and another part was routed to a
photodiode to measure the relative power of the beam after the half-wave plate polarizer.

3.3.1

Power automation of MPL using the acousto-optic modulator
The MPL system was upgraded to incorporate automated attenuation of average power that

provides the power control capability during fabrication. The automated power attenuation was
achieved by inserting an AOM after the manual shutter in the MPL optical train. The AOM
diffracts part of the incident laser beam into several orders by the acousto-optic effect. The laser
beam was incident on the quartz crystal which is connected to a piezo-electric transducer that
vibrates with oscillating electrical input. This oscillating electrical input was provided by an AOM
control box under computer control, and operated in synchronous with the scanning
nanopositioner. The vibration of the transducer creates sound waves in the quartz crystal that
generates periodic refractive index modulation which behaves like a sinusoidal grating. The
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angular position of the first-order diffracted beam relative to the zeroth-order transmitted beam θ1
is given by
𝜃𝜃1 =

𝜆𝜆𝑓𝑓𝑎𝑎
𝑉𝑉𝑎𝑎

,

(3.3)

where λ is the laser wavelength, fa = 80 MHz is the acoustic frequency, and Va is the acoustic
velocity. The pulse width of the first-order diffracted beam was measured to be ca. 200 fs using
the FROG device while the zeroth order beam was ca. 120 fs. The zeroth-order beam was used in
the microfabrication system because the pulse width of the original beam was maintained and the
higher orders were blocked using an aperture after the periscope. The remaining intensity η of the
zeroth-order diffracted light is inversely proportional to the square of the laser wavelength and
proportional to the acoustic power Pac as seen in the following equation
𝜋𝜋 𝑀𝑀2 𝑃𝑃𝑎𝑎𝑎𝑎 𝐿𝐿 1/2

𝜂𝜂 = 1 − sin2 � �
𝜆𝜆

2𝐻𝐻

�

�.

(3.4)

Here, M2 is the quartz crystal figure of merit, and L/H is the geometric factor of the quartz crystal.
The acoustic power is provided by a radio frequency (RF) signal to the AOM, which is controlled
by an AOM driver. An applied control voltage to the AOM driver determines the RF output. The
laser output after the AOM was routed into sample and calibrated using an integrating sphere with
respect to the applied control voltage. Fig. 3.5 shows the measurements of average laser power
versus applied control voltage. The data do not follow Eqn. 3.4 since the average output during
calibration will also need to incorporate the calibration function of the integrating sphere.
Incorporating both Eqn. 3.4 and the integrating sphere calibration results to a data that follows a
polynomial function to the 9th order.
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Figure 3.5. Average laser power measured at sample versus AOM control-voltage. The
smooth curve is a fit to the data using the polynomial function described in the text.

An amplifier circuit was constructed to interface the AOM controller to a National
Instruments PCIe-6363 card that is used to drive the MPL system. The PCIe-6363 card provides
an analog output voltage of 0 V - 10 V, and the output current is limited to 5 mA. The AOM
controller accepts analog input voltage of only 0 V - 1 V, and presents a 50 Ohm load. The
interfacing circuit, shown in Fig. 3.6, was designed as a low-noise 1/10-gain amplifier that can
source current in excess of 20 mA. The electronics were selected to ensure that the slew rate
(10% - 90% levels) exceeded 106 V s-1, so the laser intensity can be changed within 1 µs.
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Figure 3.6. (a) Current amplifier schematic with the corresponding (b) PCB design.
(c) Current amplifier box used as a supply for the AOM controller.

3.3.2

Fabrication using SU-8
The 160 µm thick SU-8 coated glass substrate was mounted on the sample holder using a

double-sided carbon tape. A drop of index-matching oil (Nikon Immersion Oil Type A, nD = 1.515
at 23 ºC) was deposited on top the microscope objective before placing the sample holder
upside-down on the three-axis nanopositioner. The microscope objective was then raised until the
oil drop suddenly spread upon contacting the sample surface. Light back-reflected from the
SU-8/glass interface was imaged with the CCD camera as the sample position was adjusted further
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with the fine-focus knob. The back-reflected image provides a cross-section of the irradiance
distribution around the focal spot. The sample was adjusted until the image of the focal-spot was
minimized in size, indicating that SU-8/glass interface was overlapped with the focal plane of the
laser beam. Further adjustment could be performed using a leveling sub-vi in the LabView control
program which was designed to find the focal plane by maximizing the summed-square of the
pixel intensities. A 110 µm pedestal was also added in the write-file to hold the SVPC above the
glass substrate and to allow a freedom of movement of the detector fibers during optical
characterization.
Structures were fabricated during MPL by translating the sample on the nanopositioner
relative to the focal spot at a speed of 50 µm/s as the shutter and AOM intensity-controller were
simultaneously controlled by the computer. The average laser power used to fabricate the SVPC
was manually changed using the half-waveplate/polarizer combination and was varied from
1.8 mW to 2.2 mW to control the dimensions of the SVPC sub-structure and the fill-factor.
Following laser exposure, the sample was post-baked to activate cross-linking on top the
pre-heated hotplate for 5 min at 65 ºC then 15 min at 95 ºC, soaked in PGMEA for 30 min twice
to fully remove the unexposed SU-8, rinsed with isopropyl alcohol (IPA) followed by a final rinse
of DI water, then allowed to dry in air.
SVPCs with varying fill-factors were fabricated. Using different average laser powers
varied the volumetric fill-factor of the SVPC. Lower average power created polymerized rods
with smaller cross sectional area resulting to lower volumetric fill-factor. Higher average power
created polymerized rods with larger cross sectional area resulting to higher fill-factor. The highest
fill-factor was achieved by exposing parallel lines, laterally separated by 200 nm, thereby creating
“super-rods” with larger cross-sectional area. Prior to optical characterization, the SVPC was
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inspected by transmission optical microscopy to assess the form and quality of the free-standing
SVPC (Fig. 3.7).

Figure 3.7. Optical transmission microscope images of SVPCs after MPL fabrication.
(a) An SVPC with a base area of 125 µm × 125 µm fabricated without a pedestal with a
lattice spacing of a = 5.75 µm. (b) Another SVPC with a base area of 40 µm × 40 µm
fabricated on top a 110 µm pedestal with a lattice spacing of a = 2.0 µm. Image taken from
Digaum et al.64

3.3.3

Fabrication using IP-Dip
The adhesion-layer coated glass substrate (19 cm × 19 cm) was used for the fabrication of

SVPC using IP-Dip and was mounted on the sample holder using a double sided carbon tape.
Instead of using index-matching oil, a drop of IP-Dip was deposited on top the microscope
objective using a plastic pipette. The IP-Dip serves as both resin and index matching fluid. The
interface formed by the IP-Dip and the SU-8 adhesion layer was located following the same SU-8
process described above. Patterning in IP-Dip was done by defining the fifth column of the
write-file to average power used in fabricating the specific SVPC substructure, with zero serving
as the off state when no polymerization is desired during a change in location. A 100 µm pedestal
was also added in the write-file that holds the SVPC above the substrate to allow freedom of
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movement of the detector fibers. Moreover, a 20 µm central post with size that is a third of the
SVPC was added after the pedestal in the write-file to accommodate shrinkage of the IP-Dip as it
polymerizes. The post is vital in the fabrication of SVPC with IP-Dip as this will allow the
polymerized lattice to shrink isotropically, which avoids distortion. Laser exposure follows the
same process as the fabrication using SU-8. To ensure that the structure was properly formed,
connected, and attached to the substrate, patterning was done from the adhesion layer/IP-Dip
interface and continued layer by layer moving the focal point away from the interface starting from
the bottom of the pedestal, to the post, then to the SVPC. Sequential layer-by-layer fabrication is
required for IP-Dip because it is a liquid resin so cross-linked material formed unattached to the
adhesion layer or to another portion of the polymerized structure could float or diffuse away. After
the laser exposure, the fabricated SVPC was checked using the optical microscope to verify that
the structure was well formed and affixed to the substrate. The sample was then removed from
the MPL system and placed in the microfabrication development system (Fig. 3.11) where it was
immersed consecutively in four baths of PGMEA for 30 min each, then to IPA for 5 min, and to
DI water for another 5 min, before leaving to dry in air. The free-standing SVPC was then
inspected under the transmission optical microscope.

3.3.4

Fabrication of curved optical waveguides by multi-photon lithography
Curved waveguides of different bending radius Rbend were fabricated (Fig. 3.8) using the

fabrication process of IP-Dip. The structures were supported on their ends by small pillars. The
bending radius was varied from the bending radius of the fabricated SVPC as the minimum to the
bending radius where waveguiding will be lossless i.e. their efficiency is comparable to the SVPC
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efficiency as the maximum. The waveguide has a rectangular cross-section with length l = 10 µm
and width w = 10 µm. The dimensions were calculated to accommodate lossless propagation of
the fundamental mode and to match the mode profile of the input beam from the source fiber. A
straight waveguide was also fabricated and characterized so that the output of the curved
waveguides could be normalized against the throughput of the straight waveguide. This approach
would remove the losses associated with entrance and exit faces as well as from the leakage due
to the post holding the waveguides.

3.4
3.4.1

Optimization of the post-exposure development process
Capillary force characterization
Features having sub-micron dimensions are more prone to distortion, collapse, and

shrinkage. This is primarily due to the effect of capillary forces that result after the sample is
removed from solution and allowed to dry. The capillary force (F) is proportional to the surface
tension and wetting capacity of the solvent to the polymerized material. For a columnar structure,
the force is92
𝐹𝐹 =

2𝜋𝜋𝛾𝛾𝛾𝛾2 cos2 𝜃𝜃
�𝑑𝑑(4𝑅𝑅+ 𝑑𝑑)

,

(3.5)

where R is the radius of the columnar structure, γ is the surface tension of the solvent, θ is the
contact angle between the solvent and the structure, and d is the separation distance between the
columns (Fig. 3.9). The capillary force of different solvents was calculated based on the product
of their surface tension and the square of the cosine of the contact angle on both SU-8 (Table 3.3)
and IP-Dip (Table 3.4). Step-wise rinsing was implemented and the solvent with the least capillary
force was used as the final rinse.
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Figure 3.8. Curved waveguides fabricated in IP-Dip by MPL. (a) Perspective view
showing both curved waveguides (Rbend = 15 µm and Rbend = 35 µm) and the straight
waveguide. Magnified top view of the (b) straight and a (c) curved waveguide having
Rbend = 15 µm, and their respective side views (d & e).
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Table 3.3. SU-8 developing: comparison of the product of the surface tension and the square
of the cosine of the contact angle of three different solvents in contact with crosslinked SU-8.
Solvent
PGMEA
IPA
Water

γ @ 25 °C / mN/m
26.9
23.3
72.7

θ on SU-8 / deg
43.7 ± 0.6
3.7 ± 0.1
85.3 ± 0.6

γcos2θ
14.1 ± 0.3
26.8
0.2

Figure 3.9. Schematic illustration of the capillary force (F) affecting two columns during
the evaporation of solvent where it is dependent on the radius (R) of the column, the
distance (d) between them, and the contact angle (θ) of the solvent with the column.

Table 3.4. IP-Dip developing: comparison of the product of the surface tension and the square
of the cosine of the contact angle of three different solvents in contact with cross-linked IPDip.
Solvent
PGMEA
IPA
Water

γ @ 25 °C / mN/m
26.9
23.3
72.7

θ on IP-Dip / deg
11.3 ± 0.7
0.4 ± 0.4
62.1 ± 0.7
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γcos2θ
25.9 ± 0.1
26.9
5.9 ± 0.3

3.4.2

Measurement of contact angle
The contact angle of the different solvents with the cross-linked photosensitive materials

IP-Dip and SU-8 was measured using the setup shown in Fig. 3.10. A film of the photosensitive
materials was deposited on a glass substrate following the procedure discussed above for the
preparation of films for n and κ measurements. The film was then mounted on top a three-axis
translation stage. Using a plastic pipette, a drop of a solvent was deposited on top the film. The
solvent drop was then imaged using a CCD camera (Sony XC-ST70) fitted with the 4× microscope
objective (Nikon Plan Flour NA = 0.13) placed in front of the sample. The drop was focused by
moving the sample using the translation stage. An image was then recorded using a CCD camera.
The image was then analyzed and measured for the contact angle using ImageJ.

Figure 3.10. (Left) Contact angle measurement setup showing the location of the sample
with respect to the microscope objective and camera. (Right) Contact angles of different
solvents with polymerized SU-8 and IP-Dip recorded using the measurement set-up and
analyzed using ImageJ software
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Figure 3.11. MPL development apparatus designed and made in-house.

3.4.3

MPL development apparatus
Inconsistency on the repeatability of getting a free-standing SVPC after development has

been a problem especially with high aspect ratio structure.

To improve repeatability, a

development apparatus was designed and made. The apparatus removed the human factor of
transferring samples from beaker to beaker that has a high probability of causing the structure to
fall. It also eliminated uncontrolled solvent drift that may apply unwanted force on the structure
while transferring. Using the development apparatus, the exposed sample from the laser was
placed inside the funnel (Fig. 3.11). Ensuring that the valve is close, PGMEA was then added to
the funnel where it will completely soak the sample and a petri dish cover is placed on top to avoid
dust particles to come in. To replace the PGMEA with another solvent or new PGMEA, the valve
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was opened to release the old PGMEA until it is completely drained to the beaker below, then the
valve was closed, before adding the new one.

3.5

Optical and structural characterization
The optical performance of both the SVPCs and the curve waveguides was characterized

using the in-house-developed scanning-optical-fiber-system shown in Fig. 3.12. The SVPC was
placed on a vacuum mount on top the three-axis translation stage and viewed from above using a
microscope (Nikon Plan Flour 10×/0.3) with the option of computer imaging using a CCD camera
(Basler Scout scA640-74gm). Source and output optical fibers were held by a teflon-lined fiber
chuck mounted on a three-axis translation stage and with one end etched to match the size of the
SVPC. The etched end of the fibers was brought to within 5 µm of the SVPC faces. Input light
was delivered onto the entrance face of the SVPC using a coupling objective on the unetched end
of the source fiber. Light emanating from the three output faces was collected by the output fibers
and directed it to the PbSe amplified infrared detector (Thorlabs PDA20H) connected to an
oscilloscope (Tektronix TDS 2014). The same type of amplified infrared detector was used as a
reference to measure the relative intensity and fluctuations of the light source.
The detectors and the optical fibers were calibrated to account for the sensitivity of each
detector and the collection efficiency of every fiber used. Signals collected from the output fibers
were scaled by the calibration factors of both the fibers and the detectors and were normalized by
the reference detector output. The intensity of light emanating from the source fiber was measured
using the straight-through fiber by recording the intensity of light it collected as it was scanned
across the output-face of the source-fiber with minimal distance between their end-faces. The
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insertion factor of the straight through fiber was calibrated by bringing the detector near the tip of
the source fiber.

Figure 3.12. In house-developed scanning-optical-fiber-system used to characterize the
optical performance of the SVPCs. The objects are not depicted to scale where the optical
fibers and SVPC in particular are magnified for illustration and clarity. For
characterization at λ0 = 2.94 µm, the optics in between the laser source (Er:YAG laser) and
the polarizer are not used. The entire setup was utilized during characterization at λ0 ~
1.5 µm. The monitor shows an image taken using a 60× microscope objective during an
actual measurement.

3.5.1

Fiber etching and cleaving
Optical fibers (Thorlabs 1550 BHP, 9 µm core diameter) were etched and cleaved to reduce

the cladding diameter to approximately the size of the SVPC. Initially, a 10 cm long optical fiber
was cut from a fiber spool. Around 30 mm of the acrylate jacket from both ends of the fiber were
stripped by soaking the fiber end in acetone for 5 min to soften the jacket, then pulling it off by
hand. Then both end faces of the fiber were cleaved using the procedure described below.
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1. Secure the end of the fiber that will be cleaved by taping it near the edge of a workbench
exposing a few mm of stripped fiber between the edge and the tape.
2. Stretch the fiber by pulling it and scribe the stripped portion using a fiber cleaver that
is brought into contact perpendicular to the fiber. Scribe the fiber with enough force
that it can cleave without breaking.
3. Put a drop of water on the scribed site and while pressing on one end of the fiber below
the tape, pull the other end straight back to cleave the fiber. Pulling the fiber in an
angle will break it instead of cleaving.
4. Inspect the cleaved end using the optical microscope.

Figure 3.13. Fiber cladding diameter (d) dependence with BOE etching time (t).
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Figure 3.14. A cone at the tip of the fiber was created after BOE etching.

To reduce the diameter of the cladding to approximately the size of the SVPC, one of the
cleaved fiber ends was treated with buffered-oxide etch (BOE, J.T. Baker 1178-03). One end of
the fiber was attached on the microscope slide using tape and around 5 mm of the other end was
soaked in BOE. The final diameter size (d) of the treated fiber was found to depend on the etch
time (t) according to the plot shown in Fig. 3.13 following the fitting equation d = -11.947t +
124.300. For fibers that will be used to characterize an SVPC that bends light at 2.94 µm, the
etching time used routinely was 6.5 hours, whereas for SVPCs designed for operation at 1.55 µm,
the etching time used was 8 hours. Figure 3.14 shows an SEM image of fiber tips after cleaving
and etching in BOE. All fibers produced with this method yielded a cone-shaped core that results
due to differences in the etch characteristics of the glass comprising the core and the clad.
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Figure 3.15. (a - c) Etching setup and process and (d - e) cleaving setup for fiber cladding
diameter below 80 µm.

To create etched fibers that had a flat end-face, a new etching and cleaving technique was
developed. A 20 cm long fiber was cut from the spool. The initial stripping and cleaving for both
ends of the fiber follow the procedure above. An additional stripping at the middle of the 20 cm
fiber, approximately 30 mm wide, was done by folding the fiber and soaking the middle fold in an
acetone for 5 min then peeling the jacket by hand. The fiber was then placed in the etching tube
(Fig. 3.15a) making sure that the stripped section of the fiber was centered on the middle hole.
Two drops of BOE were then deposited in the middle hole to etch a section of the stripped portion
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of the fiber. After etching, the fiber was then pulled out from the etching tube and was rinsed with
DI water. Cleaving the etched fiber follows the listed procedure below.
1. Place the etched fiber on the in-house-developed cleaving setup (Fig. 3.15d). Take note
that the section that must be in the fiber holder must have a jacket.
2. Add tension on the fiber by slowly translating the x-axis of the translation stage on one
of the fiber ends. As the fiber is slowly straightened, use the fine translation knob to
continue adding tension.
3. Slowly bring the fiber cleaver into contact with the fiber in a perpendicular manner by
moving the translation stage. When the cleaver is in contact, slowly move the cleaver
translation stage up and down until the fiber cleaves. If not, add more tension by
repeating from step 2.
4. Check the cleaved end using the optical microscope.

Figure 3.16. (a) Side view and (b) front view SEM images of a cleaved fiber using the new
cleaving technique.
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The advantage of this technique is that it produces smooth end faces and it yields two cleaved
fibers at the same time. SEM images of fibers produced by this method are shown in Fig. 3.16.

3.5.2

Characterization of SVPCs using an Er:YAG laser
An Er:YAG laser (Premier Laser, λ = 2.94 µm, 15 mJ/pulses, 10 Hz repetition rate, and

170 µs pulse duration) was used to characterize SVPCs designed to bend beams having

λ0 = 2.94 µm (Fig. 3.12). The output of the laser was elliptically polarized with the vertical
polarization having five times more power than the horizontal polarization. Polarization of the
laser was defined to be vertically polarized when the electric field is normal to the surface of the
optical table. The output of the laser was passed through a wire-grid polarizer (Specac GS57010,
BaF2 substrate) to select either vertical or horizontal polarization for specific measurements. It
was then coupled to the source-fiber using a focusing objective. The polarization purity and
orientation was found to be unchanged after the laser light was coupled into and propagated
through the short length of the source-fiber. A neutral density filter was placed as needed in
between the laser and the polarizer to control the input intensity to the SVPC. Optical fibers were
etched for 6.5 hours to reduce the cladding diameter to about 50 µm following the process
described above. Most measurements using the Er:YAG laser were performed with the output
directly coupled into the source fiber via the focusing objective making it predominantly vertically
polarized. Measurements of intensity obtained with optical fibers during line-scans were found to
have an uncertainty of 15% at the 3σ-level, measured at the peak of a line-scan. The uncertainty
was dominated by shot-to-shot fluctuations of the laser intensity.

The standard operating

procedure (SOP) for using the Er:YAG laser is provided in "Appendix C: Er:YAG laser SOP".
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3.5.3

Characterization of SVPCs using an amplified femtosecond laser (AFS)
An amplified femtosecond laser was used to characterize SVPCs that were designed to

bend beams at λ0 = 1.55 µm. The system consists of a femtosecond laser amplifier (Coherent
Legend) pumping two optical parametric generators (OPGs). The output of the overall system is
tunable from 250 nm to 10 µm. Output near λ = 1.55 µm was found to have a bandwidth as wide
as 50 nm on and residual broad-spectrum of white-light resulting from the OPG seeding process.
The laser beam was routed to the optical filter that blocks all the wavelengths less than 1 µm, then
to the optical characterization setup via the optical grating (groove density = 300 g/mm,
blaze = 30 µm). The grating dispersed the beam into several orders. For SVPC characterization
using narrow bandwidth beam, the second-order was chosen to be the source since it had a
reasonable dispersion and intensity. An aperture was used to select the wavelength and reduce the
bandwidth to 10 nm before routing it to the SVPC characterization system. The zeroth-order beam
was also utilized for broad bandwidth characterization since it was not highly dispersed. The
output from the grating-system was routed to the focusing objective via the mirror as shown in
Fig. 3.12. A flip mirror was placed in both the zeroth- and second-order beams path to route the
laser to a spectrometer (Edinburgh Photonics FLS980) for spectral measurement. Polarizer was
placed in the optical path to change the laser polarization and an analyzer to vary the light intensity
delivered to the SVPC as needed. Optical fibers were etched for 8 hours to reduce the cladding
diameter to ca. 30 µm. Large core diameter optical fiber (Thorlabs FG050LGA, 50 µm core) was
also used to get the bending efficiency of the SVPC.
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3.5.4

Bandwidth characterization
To characterize the SVPC bandwidth, the output of the AFS laser was used. Two methods

were employed. In the first, the output of the AFS laser was passed through a grating as shown in
Fig. 3.12 to disperse the beam. A mirror was used to reflect the dispersed beam back to the same
grating to collimate it. The collimated beam was then directed through an aperture to select the
wavelength range. The narrow-wavelength beam was then directed into the focusing objective
and coupled into the source fiber. The center wavelength and bandwidth were measured using the
FLS spectrometer by diverting the beam using a flip mirror. In the second approach, the output of
the AFS laser was directly coupled into the source fiber. One important note is that when
characterizing using the second approach, the source power is constantly checked to maintain the
same power input to the SVPC, i.e., less than 3 mW when characterizing in the linear regime of
the SVPC or at any high power when in the non-linear region.

3.5.5

Temperature dependence of the SVPC performance
The efficiency of the SVPC was also characterized with respect to a change in temperature.

A thermal tape (Minco Products Inc., 5 W, 15 V) powered by a direct current (DC) supply was
attached on one side of the vacuum chuck supporting the SVPC sample. A thermostat (Shenzhen
Meihang Electronics Co., Ltd. MH1210) sensed the temperature of the chuck through a sensor
attached to the opposite side of the chuck and regulated the power supplied to the thermal tape.
The temperature was varied from 23 ºC to 80 ºC with an uncertainty of ± 1 ºC. At each temperature
setting, the SVPC position with respect to the input fiber was changed and the bent beam fiber was
scanned to locate the highest efficiency location.
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3.6

Structural characterization using the scanning electron microscopy (SEM)

3.6.1

Imaging using SEM
Scanning electron microscopy (SEM, Vega Tescan) was used to inspect and assess the

structural characteristics and the quality of the SVPCs. Specific attention was given to identifying
anisotropic shrinkage, structural distortion, and incomplete development. After characterization,
the SVPCs were sputter-coated (Emitech K550) with gold-palladium (Au/Pd) for 2 min at each of
two angles which are both tilted at ca. 50 degrees. SEM images viewed from multiple perspectives
and different magnifications were used to measure the lattice spacing and unit cell dimensions
(Fig. 3.17). The variation of the shape and dimensions of the SVPCs between fabrications was
analyzed and compared to the targeted design.

Figure 3.17. SEM images of a 39% volumetric fill-factor SVPC viewed from (a)
perspective, (b & c) top-down, and (d & e) side angle where the source beam is incident.
Magnified SVPC top-down images of an SVPC with a volumetric fill-factor of (f) 44%
and (g) 70% taken at the center of the lattice showing different substructure thickness
variation.
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3.6.2

Calculating the fill-factor of an SVPC lattice
SEM images like those in Fig. 3.17 were converted to binary image using MatLab by

applying a threshold and an upper and lower limit on the original image values. The binary image
was then used to measure the dimensions of the substructures using a caliper method. A unit cell
at the center of the SVPC lattice was chosen for all structures for measurement of its width (top
view), height (center of side view), and the width of columns standing perpendicular to the
substrate. These measurements were in turn applied to calculate the volumetric fill-factor of a
given unit cell and determine how the fill-factor varies throughout the structure. The volumetric
fill-factor of a unit cell (FF) with rectangular basis was calculated using the formula
𝐹𝐹𝐹𝐹 =

([(𝐿𝐿+𝑙𝑙)(𝑊𝑊+𝑤𝑤)−𝑙𝑙𝑙𝑙]𝐻𝐻)+𝑇𝑇 2 ℎ
(𝐿𝐿+𝑙𝑙)(𝑊𝑊+𝑤𝑤)(𝐻𝐻+ℎ)

,

(3.6)

where L and l are the widths of the straight substructure fanning out from the center and their space
in between, W and w are the widths of the curving substructure and their space in between, H and
h are the thicknesses of the substructure viewed from the side of the structure and their space in
between, and T is the thickness of the columnar substructure that runs from the bottom to the top
of the SVPC as shown in Fig. 3.17. Errors in the measurement were also propagated using standard
error-propagation for random uncertainty in all measured quantities:
𝑥𝑥

2

𝛿𝛿𝛿𝛿𝛿𝛿 = 𝐹𝐹𝐹𝐹 �∑ � � ,
𝛿𝛿𝛿𝛿

(3.7)

where δFF is the error in the fill-factor, and x and δx are a measured value and its corresponding
uncertainty, respectively, for all parameters of the unit cell appearing in Eqn. 3.6. The volumetric
fill-factor was checked using the Matlab code used to design the unit cell by changing the design
specifications to the measured specifications.
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3.7

SVPC beam bending efficiency calculation
The performance of an SVPC was quantified by calculating the "peak-efficiency" for

beam-bending as
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃-𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵-𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

× 100% .

(3.8)

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵-𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
is the peak-intensity measured while scanning the fiber at the bent-beam face of the

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
SVPC. 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
is the peak-intensity measured with the SVPC removed and the straight-through

fiber scanned across the output-face of the source-fiber with minimal separation between the two
fibers (< 5 µm, "butt-coupled"). The intensity measured with a given detector-coupled fiber is a
convolution in space of the fiber's core with the irradiance distribution it samples. Because all
fibers used had the same core diameter (9 µm), the proportionality constant of the convolution
cancels out in Eqn. 3.8 when the irradiance distributions sampled are the same.

The

peak-efficiency then represents the peak-intensity of light bent through the turn and normalized to
the peak intensity of the light input to the SVPC. Because the intensity distribution of the beam
could vary as it propagates through the SVPC, the peak-efficiency could be greater or less than
unity, and it does not necessarily represent the efficiency with which the total power incident on
the SVPC is bent through the turn.
In analogy with Eqn. 3.8, the "power-efficiency" of the SVPC for beam-bending can be
defined as
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃-𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

∬ 𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑢𝑢,𝑣𝑣)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∬ 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑢𝑢′,𝑣𝑣′)𝑑𝑑𝑑𝑑′𝑑𝑑𝑑𝑑′

× 100% .

(3.9)

The numerator is the total optical power exiting the bent-beam face of the SVPC, obtained by
scanning the optical fiber in a relative uv-plane immediately adjacent to the bent-beam face and
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integrating the measured intensity I over all area. Similarly, the denominator is the total optical
power incident on the SVPC.
If the irradiance distribution of a beam does not change as it propagates through the SVPC,
then the beam-bending efficiencies measured with Eqns. 3.8 and 3.9 would be the same. This was
expected to be the case for SVPCs because they are designed to bend beams through the
self-collimation effect, which in principle should not alter the beam profile. Additionally, because
the source and detector-coupled fibers all have the same core diameter (9 µm), it was expected that
the detector-coupled fiber would capture the majority of light bent through the turn.

Figure 3.18. Beam profile of the (a) input and (b) bent-beam measured by 2D line-scan at
the output of the input fiber and the bent-beam face of the SVPC with their corresponding
cross-sections along x- and y-axis showing its FWHM. Both beam profiles can be fitted
to a Gaussian profile.

These assertions were tested using two approaches. First, the intensity distributions of the
source-fiber and the bent-beam exiting an SVPC were measured by full 2D line-scans and
compared for several SVPCs. An example measurement is shown in Fig. 3.18. The intensity
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profiles of both the source-fiber and the bent-beams are similar and could be fitted to a Gaussian
profile having a FWHM of ca. 9 μm ± 1 μm in both cases. These observations suggest the
peak-efficiency from Eqn. 3.8 can be used to assess the performance of SVPCs. Nonetheless, full
2D line-scan were recorded for numerous SVPCs studies throughout this work to ensure the
applicability of Eqn. 3.8.

Figure 3.19. Bent-beam detection using (a) a 9 μm and (b) 50 μm core fibers.

To further confirm the applicability of Eqn. 3.8, the power-efficiency (as defined in
Eqn. 3.9) was directly measured by replacing the customary 9 μm core detector-coupled fibers
with 50 μm core fibers that could be guaranteed to capture all light existing from the source fiber
and the bent-beam face (minus reflection losses at the fiber input-face, which are assumed to be
identical for the 9 μm and 50 μm core fibers). This approach is illustrated schematically in
Fig. 3.19. The peak-efficiency obtained with 9 μm core fibers and the power-efficiency obtained
with 50 μm core fibers were then measured and compared for two different SVPCs. The results
from these measurements are summarized in Table 3.5. The peak- and power efficiencies are
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identical within experimental uncertainty for both SVPC samples. These experiments confirm that
the beam-bending performance of an SVPC can be assessed with good accuracy based on the
measured peak-efficiency.

Table 3.5. Beam bending efficiency of two samples measured using both 9 μm and 50 μm
core fibers. The efficiencies are within the margin of error for both samples.
Sample
1
2

Beam bending efficiency
9 µm core peak-to-peak
50 µm core
13.9% ± 1.2%
13.1% ± 0.2%
13.2% ± 1.7%
14.3% ± 0.1%
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4. SVPC BEAM BENDING PROOF-OF-CONCEPT AT 2.94 µm
4.1

Introduction
Abrupt control of optical beams for routing light in a 90 degree bend is required to realize

densely integrated photonic system. Ideally, a simple optical structure like optical waveguides
made from ordinary materials would accomplish this task. However, waveguides based on TIR
require a turn radii that is hundreds to thousands of times larger than the vacuum wavelength to
ensure negligible bending loss due to mode leakage.93 Moreover, the mode profile of the beam
must conform to the mode of the waveguide to be controlled. Due to these considerations, the
extents in which the waveguides can be used in integrated photonics are limited.

Using

self-collimating 3D SVPC, ultracompact control of optical beams can be accomplished and could
serve as a powerful alternative that solves many of the problems listed above. Beams can be
controlled very abruptly by an SVPC that is made with a low-index contrast, all-dielectric material.
To demonstrate proof-of-concept, an SVPC design that functioned at microwave
frequencies91 was scaled down to optical frequencies and fabricated using multi-photon
lithography (MPL) in the photo-polymer SU-8 with unit-cell dimensions on the order of two
microns. Using light having a center wavelength of λ0 = 2.94 µm, these SVPCs were optically
characterized and shown to be capable of directing a mid-infrared beam around a tight bend with
a turn radius of 20 µm. Most of the results discussed in this chapter were previously published by
the author and co-authors in Optics Express.64
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4.2

Design of the SVPC unit cell and lattice for λ0 = 2.94 µm
The design of the SVPC lattice (Fig. 4.1a) was based on the novel algorithm developed by

Rumpf et al.83 and is discussed in Section 2.4. In single-beam MPL, a rugby-ball-shaped voxel is
fabricated during exposure with a typical ratio between the axial and transverse widths of ~2.5:1.94
Given this fabrication constraint, the SVPC was designed around a simple cubic unit cell
(Fig. 4.1b) having a basis consisting of three orthogonal intersecting rods with elongated
cross-section. The rods were to be fabricated from the photopolymer SU-8 with air as the
surrounding medium. The IFCs of the unit cell (Fig. 4.1c) were numerically calculated by the
Rumpf Group at UTEP using the plane-wave expansion method, as described in Sect. 2.4. The
normalized frequency value of the flat IFC was a/λ0 = 0.6803. To self-collimate a beam at
λ0 = 2.94 µm, the corresponding lattice spacing must be a = 2.0 µm. A 40 µm × 40 µm × 40 µm
SVPC was fabricated by MPL as discussed in Section 3.3 and was optically characterized as
discussed in Sect. 3.5.

Figure 4.1. (a) Perspective view of an SVPC designed to bend a λ0 = 2.94 µm beam through
a 90 degree turn. (b) The unit cell from which the SVPC lattice is based and (c) its
corresponding isofrequency contours.
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Figure 4.2. False-color SEM images of an SVPC having a fill-factor of 42% viewed from
(a) perspective, (b & c) top-down, and (d & e) side angle where the source beam is incident
during optical characterization. Image taken from Digaum et al.64

4.3

Structural profile
Figure 3.7b shows an optical transmission image of an SVPC fabricated for operation with

light having a wavelength of λ0 = 2.94 µm. The image shows a well-formed, self-supporting, and
robust structure. The visibility through the SVPC varies with the period of the structure and
supporting structures. An SVPC having a small-period (a = 2.0 µm), or fabricated on top a 110 µm
pedestal, has naturally poorer visibility than an SVPC with a large-period (a = 5.75 µm), or one
that is fabricated directly on the substrate with no pedestal support. Light in the small-period
SVPC must first pass through the pedestal before the structure which has a tighter packing of unit
cells than the large-period SVPC. Nonetheless, both structures allow light to pass through the
voids between unit cells. This type of observation can be used to confirm that the post-exposure
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development process was successful in removing the unpolymerized material from inside the
structure and that the unit cells are aligned and that the structure is suitable for optical
characterization.
Figure 4.2 is a compilation of SEM images for a similar SVPC, viewed from different
magnifications and multiple angles. These images were used to assess the form of the unit cells
and the quality of the SVPC. Because SEM imaging requires that the structure is first coated with
a thin layer of conducting metal, SVPCs could not be optically characterized after fabrication.
Instead, structures that appeared suitable from the optical transmission images were first optically
characterized for beam-bending performance, and then they were imaged by SEM for structural
characterization and analysis.
For all the fabricated structures and volumetric fill-factors, the heights of the unit cell
averaged 2.07 µm with extreme values within ±7% and the widths averaged 1.92 µm with extreme
values within ± 6%. These results are very near to the targeted lattice spacing of a = 2.0 µm. The
SEM images confirm that the fabricated SVPCs are well formed and within the targeted design.

4.4

Proof-of-concept demonstration of beam bending
Figure 4.3 shows the SVPCs can direct an optical beam through a tight turn. The SVPC in

the figure has a fill-factor of 44% with a lattice spacing of a = 2.0 µm, which makes it suitable for
bending a beam with a center wavelength of λ0 = 2.94 µm. A horizontal line-scan of the incident
intensity is shown centered on the input face of the SVPC. The other three horizontal intensity
line-scans give the intensity profile of light emanating from the three output faces. The peak
intensity at the bent-beam face is 8.7 times larger than the peak intensity at the straight-through
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face. This indicates that the SVPC lattice controls the flow of light, directly it with high selectivity
through the turn.

Figure 4.3. (Blue traces) Horizontal line-scans of the relative intensity of λ0 = 2.94 µm light
at the input and the three output faces of an SVPC (SEM image top-view) with a fill-factor
of 44%. This particular SVPC bends a beam through a tight turn with a peak-to-peak ratio
of 8.7 compared to the straight-through path. Image taken from Digaum et al.64

The full-width half-maximum (FWHM) of the horizontal intensity profile at the bent-beam
output face is 12 µm. The value can be compared to that for the source-fiber. The beam exiting
the source fiber (and input to the SVPC) has a FWHM of 18 µm. If this same beam is allowed to
propagate in free space for 50 µm, which is comparable to the distance it propagates within the
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SVPC, it widens to 23 µm. Thus, the SVPC not only bends the beam through the turn, but it keeps
the input beam collimated. This is consistent with the intended design of the SVPCs, which are
engineered to exploit the physics of self-collimation for beam control. A small peak near the edge
of the horizontal intensity line-scan of the output at the opposite face is observed. This small
fraction of light that exits at the opposite side is attributed to the reflection from the bent-beam
side and straight-through side due to the impedance mismatch between the SVPC and the
surrounding air. Furthermore, scattering from the input face due to its rugged profile contributes
to the small peak.

4.5

Polarization dependence
Comparing the top-down and side-views of the SVPC shown in Fig. 4.2 reveals that the

width and height of rods comprising the lattice are not identical. As a result, the unit cell of the
SVPC is asymmetric. This asymmetry causes the beam-bending to be sensitive to the polarization
of the light. Figure 4.4 shows the horizontal line-scans light emanating from the straight-through
and bent-beam faces when the incident beam is horizontally and vertically polarized. When the
source is vertically polarized, the peak-to-peak intensity ratio of the horizontal line-scans between
the bent-beam and the straight-through faces is 8:1. However, when the source is horizontally
polarized, the peak-to-peak ratio is less than 0.1. Beam bending is 25 times more effective when
the light source is vertically polarized than horizontally polarized. Moreover, the width of the
horizontal line-scan of the vertically polarized light on the bent-beam face is significantly narrower
compared to the width of the horizontal line-scan of the horizontally polarized light passing
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straight through the lattice. This is another confirmation that the beam bending inside the lattice
is consistent with self-collimation.

Figure 4.4. An SVPC with a fill-factor of 53% showing high polarization selectivity.
(Left) Experimental line-scans of the relative intensity for both vertically and horizontally
polarized light that is bent through the turn or passes straight through the SVPC.
(Right) Simulation results of the same SVPC with both horizontally and vertically
polarized light. Image taken from Digaum et al.64

The polarization dependence of beam-bending experimentally observed for these SVPCs
is consistent with that predicted from theoretical calculations. Figure 4.4 shows the polarization
dependence of beam-bending simulated by finite-difference time-domain (FDTD) method on a 2D
lattice that was generated from the 3D lattice using the effective index method. These results were
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obtained by co-authors Rumpf and Pazos of the Optics Express article.64 More details for this
approach can be found in Rumpf et al.83 The simulations also show that the vertically polarized
light is bent through the turn whereas the horizontally polarized light passes straight through the
lattice. The simulated results are thus in agreement with experimental observation.

4.6

Fill-factor dependence
SVPCs with different fill-factors were fabricated to assess the dependence of beam bending

on volumetric fill-factor. Horizontal intensity line-scans were measured for these SVPCs on all
three faces like those of Fig. 4.3 that is used to assess the SVPC beam bending performance as
shown in Fig. 4.5. The highest peak-to-peak efficiency was attained for a fill-factor of 52%, which
exhibits a peak-to-peak efficiency for beam-bending of 25%. At fill-factors below 44%, the
peak-to-peak efficiency drops below 5%. For higher fill-factors between 52% and 60%, the beam
bending is detectable but the power-efficiency is below 5%. For fill-factors greater than 60%, the
peak-to-peak efficiency is effectively zero. The fill-factor dependence of the SVPC beam bending
performance indicates that highest peak-to-peak efficiency can be achieved when the fill-factor is
near 50%.
Since the horizontal intensity line-scan of the bent beam and the source beam are not
similar, other metrics were used to assess the beam bending performance. The first is the
peak-to-peak intensity ratio of the bent- and straight-through beams. For fill-factors from 44% to
52%, the peak-to-peak ratio exceeds 8:1. At higher fill-factors, the peak-efficiency for beam
bending is nearly zero.

For fill-factors below 42%, some beam bending occurs with

peak-efficiency greater than 1. Second is the power efficiency which is the ratio of the integrated
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total power between the bent and source beams. The integrated total power was obtained by
rotating the horizontal line-scan at the center by 180 degrees and integrating the result assuming
that the beam is circularly symmetric. Fig. 4.5 shows the power efficiency with respect to the
fill-factor. At 44% fill-factor, the power efficiency is around 8%. It drops to around 5% at 52%
fill-factor and goes down to almost zero above 60%. For lower fill-factors that is below 44%, the
power efficiency is about 1%. The results for both metrics suggest that the greatest beam bending
can be achieved when the fill-factor is near 50%.

Figure 4.5. Beam bending efficiency of SVPC at different volumetric fill-factors quantified
using three different metrics: (B) peak-to-peak ratio, (C) peak-to-peak efficiency, and (D)
power efficiency. Top-view SEM image with its corresponding relative intensity
horizontal line-scans for both the bent- and straight-through beam for (A) 34%, (E) 60%,
and (F) 52% volumetric fill-factors.
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Figure 4.6. Simulation of vertically-polarized light propagating within the SVPC having
fill-factors indicated above with its respective top-view SEM images.

Figure 4.6 shows the beam propagation simulation results done by Dr. Rumpf and his group
in the University of Texas at El Paso obtained using FDTD method on a 2D lattice that was
generated from the 3D SVPC using the effective index method. These simulations are in
qualitative agreement with all the experimental results shown in Fig. 4.5. An interesting insight is
that it also predicts a high beam bending efficiency at fill-factors near 50%. Quantitatively, the
simulations predict that the beam bending efficiency should be higher than was observed
experimentally, particularly for low fill-factors.

This discrepancy could be because these

simulations are calculated using a 2D lattice that may over-estimate the efficiency of beam
bending. However, these simulations show all the important optical performances and even the
subtle but important features that are also experimentally observed. An example is the observed
low-intensity peak at the opposite face near the source in the experimental result in Fig. 4.3 that
can also be observed in the simulations of low fill-factor SVPCs. This observation suggests that
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the SVPC could be re-designed with structural features added at the interfaces to minimize
insertion loss and scatter and to optimize output coupling.

4.7

Strong SU-8 absorption effect on the SVPC efficiency
Even though SVPCs having a fill-factor near 50% direct more light through the bend than

is transmitted straight through the lattice, the relative power that is bent through the turn is only
8%. The primary reason for this low power efficiency is due to the strong absorption of SU-8 at
2.94 µm, as can be seen from the spectroscopic ellipsometry measurements shown in Fig. 3.1. By
introducing light on the pedestal, a representative of a bulk polymerized SU-8 that has 100%
volumetric fill-factor and has the same path length as the SVPC, the transmission of light is 25%.
This result is consistent with the theoretical calculation using the Beer-Lambert law
𝐼𝐼𝑡𝑡 = 𝐼𝐼0 𝑒𝑒 −𝛼𝛼𝛼𝛼

where α is the absorption coefficient and l = 50 µm is the width of the pedestal.

(4.1)
The efficiency

is also affected by reflection losses at both the entrance and exit faces of the SVPC. Furthermore,
scattering due to roughness at the interfaces and internal inhomogeneity also contribute to the
losses of the SVPC. Highly efficient SVPCs could be created by using higher-transmission
materials, working at wavelengths where the material is non-absorbing, and optimizing the
fabrication process by eliminating rough edges and improving the design of the interfaces to
minimize reflection and scattering.
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4.8

Comparison with other beam bending devices
A performance metric, PM, was devised to enable the performance of SVPCs to be

compared with that of other devices proposed for bending and controlling light over short length
scales. The PM was designed noting that all of the methods vary significantly in terms of the
complexity of fabrication, the materials used, functional advantages and disadvantages (e.g.,
power efficiency and losses), bandwidth, and achievable bending radius. Given that no single
metric can be developed to capture all of these competing properties, that PM proposed here
focuses on the achievable beam-bending radius Rbend, the refractive-index contrast of the material
used (∆n), and the vacuum wavelength of the light λ0. The PM used here is defined as
𝑃𝑃𝑃𝑃 =

𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜆𝜆0

× 𝛥𝛥𝛥𝛥.

(4.2)

Given that a device which offers the smallest turn radius would be considered the highest
performer, Rbend should be minimized, so the best performing devices also has the smallest value
of PM. Considering only geometric factors, the foot-print required to bend a beam should become
smaller as the wavelength decreases. As such, λ0 appears in the denominator of Eqn. 4.2. Light
can be more tightly confined and thus more easily controlled and routed as the refractive index of
the materials used for a given device is increased. As such, devices based on semiconductors and
metals should be capable of tighter beam control than low index media, such as polymers and
glass. To account for performance variations due to the material, PM is defined to be linear in ∆n.
Table 4.1 lists a wide range of devices that have been reported in the literature for beam
bending. Each entry is accompanies by the type of device studied or proposed, the corresponding

∆n, the wavelength-normalized bending radius Rbend/λ0, and the calculated value of PM.
Comparing the values of PM across the various schemes reveals that SVPCs are superior to all
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other beam bending devices, with the exception of the 70 nm wide plasmonic nanowire
waveguide.5 Even though the plasmonic waveguide has the smallest Rbend, it has substantial loss
with its transmission amplitude reaching only 3 dB. Because this device is based on metal, this is
an intrinsic loss that cannot be reduced. A low Δn waveguide with square cross section was
optimized for Rbend and found to have loss was as high as 8.5 dB for Rbend = 4.7 µm.95 Co-authors
Fathpour and Chiles of the Optics Express article64 used the COMSOL simulation environment to
evaluate the bending efficiency of a circular air-clad waveguide at λ0 = 2.94 µm with a
9 µm × 9 µm square cross section and the same Δn as the SVPCs.64 Calculating the eigenmodes
of the waveguide showed that the fundamental mode was lost when Rbend < 38 µm, which
corresponds to PM = 7.4. Higher-order modes were lost at still higher values of Rbend. Therefore,
SVPCs can bend a beam with less than half the bending radius or one quarter of the area required
by conventional waveguides, and potentially without the loss of higher order modes.
Table 4.1 also lists other approaches for beam bending that involves using photonic crystal
or other periodic media having graded effective refractive index, period, or fill-factor. The closest
to the performance metric obtained by the SVPC is the graded-period photonic crystal. But like
many of the approaches for tight beam-bending, the graded-period photonic crystal approach has
not been demonstrated experimentally. It is noteworthy that high-index materials were used for
two of the approaches, yet their value of the performance metric is not as good as that for SVPCs.
There is a substantial challenge associated with fabricating the other devices listed in Table 4.1,
and in most cases, only 2D structures are accessible, particularly where graded-fill-factor is
required. Most photonic architectures, however, will likely require 3D beam bending. In this case
SVPCs, with MPL providing a means to create them, are far better suited and they provide better
performance.
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Table 4.1. Comparison of different beam bending approaches through a 90 degree turn or
greater. Each entry includes the normalized bending radius with the operating wavelength,
the index contrast of the materials used, the calculated performance metric, and the research
method in which it was demonstrated.64

Rbend / λ0

Index
contrast (Δn)

Performance
metric
(Rbend/λ0) × Δn

Method

SVPC for IR wavelengths,
this work

6.4

0.57

3.7

Exp. & Calc.

SVPC for microwaves91

6.4

0.56

3.6

Exp. & Calc.

High-Δn square waveguide64

12.9

0.57

7.4

Calculation

Low-Δn square waveguide95

3032

0.009

27.3

Calculationa

Graded-period photonic
crystal36

2.45

2.00

4.9

Calculation

Graded refractive index
medium35

8.0

2.13

17.0

Calculation

Parallelogram-lattice
photonic crystal96

7.57

2.46

18.6

Calculation

Si graded-fill-factor photonic
crystal34

3.75

1.95

7.3

Calculation

Si-on-insulator graded fillfactor photonic crystal32

20.0

2.46

49.2

Exp. & Calc.

Cu graded-period photonic
crystal for microwaves33

3.5

NA

NA

Exp. & Calc.

Plasmonic waveguide5

1.29

~0.5

0.65

Exp. & Calc.b

Approach

a. Using the recommended parameters for a waveguide at λ0 = 1550 nm, the cross-section is 5 µm × 5 µm,
Rbend = 4.7 µm, and the resulting loss is 8.5 dB.
b. Gold nanowire waveguide, 70 nm wide, with Rbend = 2 µm, λ0 = 1550 nm, amplitude-transmission = 0.5, and
per the authors, n(Au) ~ n(BK7 glass) = 1.5.
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Figure 4.7. SVPC coated with Au/Pd thin film burned after being exposed to Er:YAG laser
emitting λ0 = 2.94 µm using the same conditions as those used to optically characterize the
beam-bending performance of all-dielectric SVPCs. (a) Transmission optical microscope
image taken using a Nikon 60× objective and (b & c) SEM perspective and magnified
images of a burned SVPC.

4.9

Metal-coated SVPC
To structurally characterize the SVPCs, the structures had to be coated with a thin film of

sputtered Au/Pd (~10 nm) prior to SEM imaging. However, this is a destructive process that makes
the SVPC optically non-characterizable.

Nonetheless, an attempt was made to see if a

metal-coated SVPC would still exhibit some degree of beam-bending. Figure 4.7 shows SEM
images of a metallized SVPC after the attempt to optically characterize the structure for beam
bending. It is evident from the image that light incident from the source-fiber on the SVPC
significantly damaged the structure, presumably due to strong absorption by the thin metal layer.
It is noteworthy that this degree of damage resulted even though the laser power used and all other
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conditions for optical characterization were identical to those used to obtain the results described
above for the all-polymeric SVPCs. These results shows that a pure dielectric device is more
resilient under laser exposure than its metallized counterpart, and it suggests that SVPCs may be
better than plasmonic structures for some intermediate or high-optical-power applications.

4.10 Conclusion
This work demonstrates the proof-of-concept that SVPCs can steer a beam through a tight
turn with radius as small as 6.4λ0. The SVPCs were designed with a lattice spacing of a = 2 µm,
fabricated by MPL using SU-8, optically characterized at λ0 = 2.94 µm, and their performance was
compared to numerical simulations. Experimental characterization shows that these particular
SVPCs bend vertically polarized beam with a peak-to-peak ratio of ca. 8:1 and that they have a
power-efficiency or 8% when the fill-factor is near 50%. Numerical simulations are consistent
with the experimental results and other subtle observables that provide insight into how SVPCs
could be further designed to improve their performance.
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5. BEAM BENDING AT THE TELECOMMUNICATIONS
WAVELENGTHS
5.1

Introduction
Optical fiber communications operate mostly in the telecommunications window with

wavelengths around 1.55 µm. The silica fiber attenuation around this region is lowest and
erbium-doped fiber amplifiers (EDFA) are readily available which offers best performance.97 Due
to their high data transmission capacity, low propagation loss per kilometer, light weight, and
immunity to electromagnetic interference, optical fiber communications have largely replaced
long-haul communication systems not just for telephone systems, but also for internet traffic, long
high-speed local area networks (LAN), video on demand, and cable TV.98 Increasingly, optical
fiber communications have been used for shorter distances within metropolitan areas (metro fiber
links), buildings, and even fiber to the home (FTTH).99 To realize rack-to-rack, board-to-board,
chip-to-chip, and intra-chip optical communication, research has been done to replace the fiber
with different material like polymer waveguide to enable high density integration.100
In this work, we fabricated an SVPC that demonstrates the potential use of these devices
for beam bending at telecommunications wavelength for chip-to-chip and intra-chip optical
communication. Leveraging the scaling properties of EM waves, the lattice spacing of the SVPC
was reduced to a = 1.09 µm to create a device that self-collimates a beam at telecommunication
wavelengths. The photo-polymer IP-Dip was used in preference to SU-8 because the former
exhibits substantially less chemical diffusion, and enables higher resolution MPL. Using IP-Dip,
SVPCs that can bend a beam at a center wavelength of λ0 = 1.55 µm were fabricated and
structurally and optically characterized.
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Figure 5.1. (a) A simple cubic unit cell having a rectangular basis consists the (b) SVPC
lattice that can bend a beam at λ0 = 1.55 µm with an optimized region indicated in dark
green.

5.2

Design of the SVPC unit cell and lattice for λ0 = 1.55 µm
The SVPC that can bend a beam at λ0 = 1.55 µm was fabricated by MPL, as discussed in

Section 3.3, using the photopolymer IP-Dip. Relative to SU-8, IP-Dip exhibits less chemical
diffusion, but it has the disadvantage of exhibiting much higher volumetric shrinkage. Initially,
the ellipsoidal basis unit cell as that designed for λ0 = 2.94 µm was analyzed for self-collimation
at λ0 = 1.55 µm and the normalized frequency value of the flat IFC was used to calculate the lattice
spacing. The peak-efficiency for beam bending of the fabricated SVPC using the ellipsoidal basis
unit cell is less than 15%.101 To increase the efficiency, the unit cell of the SVPC for λ0 = 1.55 µm
was fabricated to be simple cubic having a more rectangular basis (Fig. 5.1a). Using the plane
wave expansion method, the rectangular basis unit cell was analyzed for self-collimation by Rumpf
Group at UTEP and found that the lattice spacing was a = 1.094 µm, calculated from the
normalized frequency of the flat IFC which is a/λ0 = 0.706.
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Figure 5.1b shows the

23 µm × 23 µm × 23 µm SVPC lattice generated using the novel synthesis tool developed by the
Rumpf Group.,83 as discussed in Sect. 2.4. The fabricated SVPCs were optically characterized
following the methods discussed in Sect. 3.5.

Figure 5.2. SEM images of an SVPC having a volumetric fill-factor of 46.1% and a lattice
spacing of 1.02 µm. (a) Full side-view image showing the 96 µm pedestal and 8 µm post
that holds the SVPC. (b) Perspective, (c & d) top-down, and (e & f) side view images of
the SVPC showing the SVPC magnified substructure.

5.3

Structural characterization
Figure 5.2 shows the SEM images taken from different angles and magnifications of an

SVPC that was fabricated to bend a beam at λ0 = 1.55 µm. These images were used to check the
form and quality of the SVPC lattice. Moreover, these were also used to measure the dimensions
of the substructures that are used to calculate the volumetric fill-factor, lattice spacing, and aspect
ratio of the SVPC. The dimensions of the fabricated substructures range from 250 nm to 700 nm
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in width and 350 nm to 900 nm in thickness. Additionally, these images were also used to check
and measure the shrinkage of the structure with respect to the fabrication write-file.

Figure 5.3. SVPCs fabricated at an average laser power of 1.8 mW and a lattice spacing
of a = 1.0 µm using (a) SU-8, (b) siliconized urethane acrylate, and (c) IP-Dip.

Fig. 5.3 shows the SEM images of three SVPC structures fabricated with the same average
laser power of 1.8 mW and lattice spacing of a = 1.0 µm using different photo-polymers: (a) SU-8,
(b) siliconized urethane acrylate, and (c) IP-Dip.

Both SVPCs fabricated with SU-8 and

siliconized urethane acrylate exhibit diffusion resulting in structures that are not periodic in the
vertical direction. The SVPC fabricated with IP-Dip shows periodicity in the vertical direction
and has good substructure resolution yet the structure is deformed due to shrinkage.
In order to create a well-formed structure, the SVPC was fabricated atop a post that has
dimensions smaller than the SVPC. This approach does not eliminate the shrinkage problem, but
it allows the SVPC to shrink isotropically, as can be seen in Fig. 5.4. The structure fabricated atop
the post (Fig. 5.3b) is well-formed and robust compared to the structure without a post and directly
fabricated on the substrate (Fig. 5.3a). To fabricate an SVPC with the correct lattice spacing, the
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design file was adjusted to compensate for shrinkage. Figure 5.5 shows the fractional shrinkage
of the width, height, and volume of the structure with respect to the SVPC volumetric fill-factor.
The dimensional shrinkage (length, width, and height) is roughly 12%, and the corresponding
volumetric shrinkage can be as high as 30%. However, both the dimensional shrinkage and the
volumetric shrinkage are repeatable to within 10%, even across structures having different fill
factors.

Figure 5.4. SVPCs fabricated using IP-Dip at an average laser power of 1.8 mW and a
lattice spacing of a = 1.0 µm (a) directly on top the substrate and (b) on top a post.
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Figure 5.5. Fractional shrinkage of the length, width, height, and volume of the SVPC with
respect to the volumetric fill-factor.

5.4

Beam bending efficiency of SVPC at 1.55 µm
An SVPC with a fill-factor of 46.8% and a lattice spacing of 1.01 µm bent a 1.55 µm

vertically polarized beam through the turn with 52.5% efficiency. When horizontally polarized
light is used, the beam-bending efficiency is very low, similar to that observed for the SVPC
fabricated in SU-8 for beam-bending at λ0 = 2.94 µm (Ch. 4). Figure 5.6 shows the horizontal
line-scan of the relative intensity of the light exiting on three output faces of the SVPC along with
the horizontal line-scan of the source. The peak-to-peak ratio between the bent- and straight
through beam is 78.7 and the peak-to-peak ratio between the bent- and the opposite beam is 100.8.
There is no significant signal that can be seen on the opposite side due to the high peak-to-peak
ratio. These data suggest that most of the beam exiting the lattice was bent through the turn.
Additionally, these data show a significant improvement from the SVPC designed to bend a beam
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at λ0 = 2.94 µm. The improvement is due to the non-absorbing property of the IP-Dip, the change
of the unit cell design using rectangular basis, and the optimization of the spatial variation of the
unit cell at the center of the lattice.

Figure 5.6. Horizontal line-scans (red traces) of the input and three output faces of an
SVPC (top-view SEM image) with a volumetric fill-factor of 46% showing the relative
intensity of light at λ0 = 1.55 µm. This particular SVPC bends half of the input intensity
through the tight turn with a bent- and straight through peak-to-peak ratio of 78.7. The
horizontal scale of the line-scans are the same as the scale bar on the SEM image.
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Complete 2D scans of the intensity distribution of light incident on the SVPC and that
exiting the bent-beam face were measured to characterize how the beam profile of light changed
as it propagated through the device (Fig. 5.7). The 2D scans show that both the source and
bent-beam profiles are approximately Gaussian and resemble a TEM00 mode. This shows that the
SVPC preserves the mode profile of the beam as it is bent through the turn. Furthermore, the mode
profile was recorded approximately 20 µm from the source, i.e. after it had traveled 15 µm inside
the lattice through the bend and 5 µm in free space. Yet, the FWHM was found to still be 9 µm,
like the source beam itself, which indicates that the SVPC does not significantly increase the width
of the beam. When the beam profile was measured 50 µm from the source, i.e., after it travelled
15 µm inside the lattice plus an additional 35 µm in free space, the FWHM was found to be 11 µm.
In contrast, a line-scan measured with straight-through fiber showed that the FWHM of the source
beam broadened by 5 µm after propagating for 50 µm in free space. From theory,102 a Gaussian
beam with a FWHM beam waist of 4.5 µm is expected to broaden by 2 µm after 30 µm of
propagation and 5 µm after 50 µm of propagation, which is consistent with the experimental
measurements. The NA of the input fiber is 0.13 with a refractive index of the core n = 1.451
giving a field-of-view (FOV) of 10.28º.103 The FOV of the input fiber is smaller compared to the
FOV of the SVPC taken from the flat IFC calculated by Rumpf Group at UTEP which is 52.5 º.
These data support the conclusion that the beam bending and steering of the light inside the lattice
is consistent with self-collimation.
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Figure 5.7. Beam profile of both the input and bent-beams taken 5 µm and 35 µm from the
bent-beam face of the SVPC showing that SVPC steers the incident light beam through the
turn while preserving the mode profile. At 5 µm, the FWHM of the bent-beam is 9 µm,
which is the same with the input beam FWHM, implying that the beam-bending is
consistent with self-collimation.

5.5

Bandwidth of beam bending
Theoretically, the optical data capacity in the λ0 = 1.55 µm is on the order of terahertz.104

Using wavelength division multiplexing (WDM), this capacity can be increased further. WDM
uses parallel channels where each channel has a dedicated optical wavelength as it transmits the
data. In this case, if the device can support a broad number of wavelengths (bandwidth), the optical
capacity can be increased tremendously.
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Figure 5.8. Beam bending bandwidth of an SVPC having a volumetric fill-factor of 46%
showing a FWHM of 153 nm. This bandwidth is four times larger compared to the
telecommunications conventional window (C-band) and encompasses both C- and S-bands
which ranges from 1460 nm – 1565 nm.

The SVPC bends a beam with a broad bandwidth. Figure 5.8 shows that the SVPC can
bend a beam with a bandwidth of 153 nm measured at the FWHM. This bandwidth is four times
wider than the conventional window or "C-band" of the telecommunications wavelength range.
The C-band corresponds to the amplification range of the EDFA from 1530 - 1565 nm which has
a 35 nm bandwidth. Additionally, the SVPC bandwidth encompasses both the C- and S-band of
the telecom bandwidth that ranges from 1460 nm – 1530 nm. The result demonstrates that the
SVPC can bend a beam with good wavelength tolerance.
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Figure 5.9. 4D plot of the SVPC efficiency with respect to the volumetric fill-factor, lattice
spacing, and unit cell aspect ratio. The plot shows that beam bending efficiency is highly
dependent on the volumetric fill-factor and aspect ratio but more tolerant to lattice spacing.

5.6

Dependence of beam bending efficiency with the unit cell specifications
To understand the underlying physics behind beam bending, SVPCs with different

fill-factors, lattice spacings, and aspect ratios were fabricated. Figure 5.9 shows a four dimensional
(4D) plot of the SVPC efficiency with respect to the aforementioned factors. The vertical axis of
the 4D plot gives the measured beam bending peak efficiency of the SVPC. The color gives the
aspect ratio of horizontal rods comprising the unit cell. The horizontal lines are the uncertainty in
the parameter along the parallel axis. The vertical line anchors the point to specific value of lattice
spacing and fill-factor. In the plot, the highest efficiency is 52.5% at a volumetric fill-factor of
46.8%, a lattice spacing of 1.01 µm, and an aspect ratio of 2.5 represented by the colorbar. The
plot also shows that the efficiency at certain fill-fill factors and aspect ratio is highly reproducible.
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To better understand the dependencies of SVPC beam bending, the different factors are inspected
individually through their respective projections.

Figure 5.10. Dependence of the SVPC beam bending efficiency with respect to the
volumetric fill-factor. (a) When the effects of both lattice spacing and aspect ratio are
removed by (b) binning each to 1.04 ± 0.01 and 2.6 ± 0.4 respectively, the efficiency is
observed to be strongly dependent on the volumetric fill-factor.
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5.6.1

Projection of the efficiency on volumetric fill-factor
Figure 5.10a is the projection of the efficiency dependence on fill-factor from Fig. 5.9.

This plot does not show the effect of both aspect ratio and lattice spacing. SVPCs with the highest
efficiency have a volumetric fill-factor of 46%. At fill-factors above 47%, the efficiency drops
rapidly with increasing fill-factor, and is typically below 10%. At fill-factors below 46%, the
efficiency drops more gradually as fill-factor decreases. In order to see the dependence of the
efficiency on fill-factor more clearly, Fig. 5.10b shows the efficiency versus fill-factor for SVPCs
all having an aspect ratio binned from 2.2 to 3.0 and lattice spacing binned from 1.03 µm to
1.05 µm. The filtered data show an increasing efficiency with increasing fill-factor which peaks
at 46% and suddenly drops to 10% when the fill-factor is 47%.

5.6.2

Projection of the efficiency on lattice spacing
Another projection taken from Fig. 5.9 is the efficiency dependence on the lattice spacing

(Fig. 5.11a). In this projection, the effects of both the aspect ratio and the fill-factor are hidden.
These data show that there is no clear trend on the dependency of the efficiency with respect to the
lattice spacing. However, the most efficient SVPC seems to be in the region from 1.01 µm to
1.04 µm. Upon filtering the data by binning the aspect ratio from 2.3 to 2.9 and the fill-factor from
43% to 49% (Fig. 5.11b), one finds that there is still no clear trend for the effect of lattice spacing
on the beam bending efficiency. The result shows that the efficiency of the SVPC is more tolerant
to lattice spacing changes.
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Figure 5.11. There is no clear dependence of the SVPC beam bending efficiency with
respect to the lattice spacing even (a) when the effects of both fill-factor and aspect ratio
are hidden and (b) binned to 46 ± 3 and 2.6 ± 0.3, respectively.

5.6.3

Projection of the efficiency on aspect ratio
The dependence of the efficiency on the aspect ratio is inspected by looking at its projection

(Fig. 5.12a). The figure does not show the effect of both lattice spacing and fill-factor. With
increasing aspect ratio, the efficiency of the SVPC also increases. SVPCs with high bending
efficiency have an aspect ratio greater than two. When the data are filtered by binning the lattice
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spacing from 1.03 µm to 1.05 µm and the fill-factor from 43% to 46%, the efficiency peaks at an
aspect ratio of 2.6 (Fig. 5.12b). Higher aspect ratios than this will result in lower efficiency.
Additionally, the efficiency drops at lower aspect ratio.

Figure 5.12. Dependence of the SVPC beam bending efficiency with respect to the aspect
ratio. (a) When the effects of both fill-factor and lattice spacing are hidden and (b) binned
to 46 ± 3 and 1.04 ± 0.01 respectively, the efficiency is increasing as the aspect ratio is
increased and implies a peak at 2.6.
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Figure 5.13. 3D plots of the volumetric fill-factor and lattice spacing with colorbars as the
(a) beam bending efficiency and (b) aspect ratio. The red box represents the region where
the most efficient SVPC that corresponds to aspects ratios greater than 2.

89

5.6.4

Combined effects
In order to look at the combined effects of the different factors, two 3D plots were

generated (Fig. 5.13). Figure 5.13a is a plot of lattice spacing versus volumetric fill-factor for all
SVPCs, and the efficiency of a given SVPC is indicated by the color of the datum point. The most
efficient beam bending is found in the region indicated by the red box, for which the fill-factor is
around 46% and the lattice spacing is around 1.03 µm. Figure 5.13b shows the same plot, but now
with the color of each datum point changed to represent the aspect ratio of its corresponding SVPC.
The position of the red box is unchanged between Figs. 5.13a and 5.13b, so it still identifies those
structures offering the highest beam-bending efficiency. But now we find that all SVPCs
populating that zone have an aspect ratio that exceeds two. This analysis suggests that the most
efficient SVPCs are obtained when the volumetric fill-factor is 46%, the lattice spacing is 1.03 µm,
and the aspect ratio is above two.

5.7

Performance of SVPC versus the position of light input
Alignment tolerance is a critical parameter in any photonics device. For 2- and 3D optical

interconnects, alignment tolerance must be well understood to assess the potential of a device,
particularly in terms of manufacturability. In conventional edge-coupling structures, misalignment
between two elements results to a reduction in coupling efficiency. For a typical edge-coupled
device, the 1 dB alignment tolerance is on the order of ± 500 nm.105 For planar grating couplers,
the corresponding 1 dB tolerance is quoted as ± 2 µm.106
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Figure 5.14. SVPC efficiency dependence on (a) horizontal input beam position (Δx) with
respect to the entrance face of the lattice. The location of the bent-beam peak shifted
± 2 µm from the center as the source was moved ± 4 µm from the center of the SVPC
entrance face. (b) The FWHM of the beam-bending efficiency is 12 µm showing that the
SVPC has a high input horizontal misalignment tolerance relative to other photonic
devices.

The alignment tolerance of SVPCs was measured by monitoring the bent-beam profile and
peak-efficiency as a function of the position of the source-beam relative to the SVPC. SVPCs
were found to have a high horizontal input alignment tolerance, as shown in Fig 5.14. When the
horizontal offset (Δx) of the source fiber relative to the center of the SVPC was increased, the
peak-efficiency decreased monotonically. The curve of peak-efficiency versus offset position has
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a FWHM of 12 µm. The efficiency of the beam bending is lower when the source is shifted
towards the center of the SVPC curvature compared to the outer part of the SVPC. Additionally,
the location of the peak of the bent beam on the bent-beam face does not shift as much as the shift
of the input beam on the input face. When the entry point of the source beam is shifted relative to
the SVPC by ± 4 µm, the bent beam shifts by only ± 2 µm. This effect is due to the optimized
region of the SVPC during the design and spatial variation process. The 1 dB alignment tolerance
of the SVPC is ± 3 µm. This means that the SVPC compensates the misalignment which is critical
in the propagation of signal through long interconnect networks.
The misalignment in the vertical position of the SVPC was also characterized as shown in
Fig. 5.15. The vertical position (Δy) of the SVPC was translated with respect to the input and
output fibers. As Δy is changed, the position of the peak of the horizontal line-scans remains the
same. This means that unlike the change in horizontal position, the vertical position does not have
an optimized region thus, the performance of the SVPC will be the same wherever the input
position. This is evident in the efficiency of the SVPC as it remains constant when the vertical
position is changed to Δy = ± 2.5 μm. Furthermore, it only drops by 5% when the vertical position
is changed to Δy = ± 5 μm. This result means that the SVPC has a very high misalignment
tolerance, which is more than double that of the grating-coupled alignment tolerance.
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Figure 5.15. SVPC efficiency dependence on (a) the vertical position of the SVPC lattice
with respect to the input beam. (b) The horizontal intensity line-scans of the bent-beam as
the vertical SVPC position (Δy) was changed to ± 5 µm showing that the peak remains
aligned with the input. (c) The SVPC efficiency remains almost constant when
Δy = ± 2.5 µm and drops to 95% when Δy = ± 5 µm indicating high input vertical
misalignment tolerance.

5.8

Effects of temperature change on the SVPC beam bending efficiency
The peak-efficiency of the SVPC depends on temperature. Figure 5.16 shows the change

in peak-efficiency for beam bending measured at λ0 = 1.55 µm as a function of temperature. As
the temperature increases, the efficiency peaks at around 27 ºC and drops rapidly at high
temperature. At 43 ºC, the SVPC efficiency is at half-maximum and goes to almost 0 ºC above
55 ºC. This performance falls short of the current operating temperature range for commercial
central processing unit (CPU), which are specified for 0 ºC to 70 ºC, and for a military range CPUs,
which is -55 ºC to 125 ºC.107, 108 Thermal instability due to the thermal load is one of the drawbacks
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of polymer materials. However, optical devices with low operating temperature in the range of 15
ºC - 55 ºC are being considered for data-center applications.109

Figure 5.16. The effect of temperature on the SVPC efficiency showing a peak at 26 ºC
and dropping at higher temperature. At 43 ºC, the efficiency drops to its half-maximum.

The dependence of the SVPC efficiency to temperature change was analyzed by
considering how the refractive index and structure could change with temperature. Table 5.1
shows the change in fill-factor, lattice spacing, and refractive index with changing temperature.
The coefficient of linear thermal expansion of a typical polymer110 is α = 80 × 10-6 ºC-1, and the
thermo-optic coefficient of a typical acrylate is dn/dt = -3 × 10-4 ºC-1.111 With increasing
temperature, the substructure of the SVPC expands along with the spaces in between the
substructure. In this manner, the fill-factor of the SVPC remains unchanged with increasing
temperature; however, the lattice spacing does change. Based on the parameters above, a
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temperature change of Δt = 22.77 ºC would cause the lattice spacing to change by approximately
3 nm, which is within the margin of error of the lattice spacing measurement of 20 nm. For this
temperature change, the refractive index would change by Δn = 0.015. This is an optically
significant change since nonlinear effects like Kerr lensing can occur even with a refractive index
change as small as Δn = 4.4 × 10-5 observed in a planar glass waveguide that resulted to a spatial
soliton.112 The effect of the refractive index change explains the peak observed at around 26 ºC
since the unit cell was designed using a refractive index of 1.527 that was measured at 24 ºC. With
the three parameters tested, the decrease in efficiency is not due to the change in fill-factor nor to
the lattice spacing, but maybe due to the refractive index change.

Table 5.1. The effect of temperature on the fill-factor and lattice spacing of the SVPC unit
cell as well as the refractive index of the material. The values in the table are all calculated
values except for the first row values of fill-factor and lattice spacing which are
experimentally measured.
Temperature / ºC

Fill-factor / %

Lattice spacing / μm

Refractive index

21.67

46.78 ± 2.57

1.010 ± 0.02

1.528

26.67

46.78

1.010

1.526

32.22

46.78

1.011

1.523

37.78

46.78

1.011

1.521

43.33

46.78

1.012

1.518

48.89

46.78

1.012

1.515

54.44

46.78

1.013

1.513
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Figure 5.17. SEM images of a uniform-lattice photonic crystal lattice (ULPC) having a
volumetric fill-factor of 46% fabricated using the same unit cell as the SVPC with the
highest peak-efficiency. (a & b) Top and (c & d) side view images of the ULPC showing
that the fabricated ULPC is well formed and robust.

5.9

Performance comparison with a uniform-lattice self-collimating photonic crystal
A uniform-lattice self-collimating photonic crystal (ULPC) was fabricated to compare the

different observations related to the SVPC (Fig. 5.17). The ULPC was fabricated with the same
unit cell as the SVPC with the highest peak-efficiency. Fig. 5.19 shows the horizontal line-scan
for the three different sides of the ULPC. The line-scans show that most of the light entering the
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ULPC goes straight through the lattice, with a peak-efficiency of 78.8%. Moreover, the ratio of
the peak-intensity for light passing straight through versus any emerging from the bent-beam face
or the opposite face is almost 1000. The FWHM of the straight through beam is 9 µm which is
the same with the FWHM of the source, and narrower than what is observed from free-space
propagation over the same distance in air (11µm). This shows that the beam is self-collimated as
it propagates through a ULPC lattice with the same unit cell as the SVPC. Furthermore, the
bandwidth of the ULPC was measured as shown in Fig. 5.18. The ULPC bandwidth is 200 nm
which is 47 nm larger than the SVPC which implies that ULPC is more tolerant to change in
wavelength.

Figure 5.18. ULPC bandwidth showing a FWHM of 200 nm, which is 47 nm larger than
the SVPC bandwidth.
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Figure 5.19. The relative intensity of light at λ0 = 1.55 µm at the input and output faces of
an ULPC (top-view SEM image) having a volumetric fill-factor of 46.9% illustrated by the
horizontal line-scans (blue traces). The ULPC propagates light through self-collimation
straight through the lattice. The horizontal scale of the line-scans are the same as the scale
bar on the SEM image.

ULPCs with different fill-factors were also fabricated. Optical characterization (Fig. 5.20)
shows that the ULPC with the highest efficiency has a volumetric fill-factor of 46.9% and a lattice
spacing of 1.05 µm. It also shows that as the volumetric fill-factor increases, the efficiency
increases until it reaches its maximum at 46.9% fill-factor, then goes down as the fill-factor
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decreases. The trend in the lower fill-factor region below 46% is similar to SVPC but is different
above 46%. The ULPC is more tolerant at higher fill-factors than the SVPC. Generally, the
characterization results for ULPC imply that having a volumetric fill-factor of 46% can
self-collimate a beam either going straight-through or bending a beam through a tight turn.
Moreover, it also suggest that the peak-efficiency observed for the SVPC is not necessarily the
upper limit on the performance for this class of device, and the performance of SVPCs could be
improved further by optimizing the design and fabrication process.

Figure 5.20. The self-collimation efficiency of the ULPC with respect to the volumetric
fill-factor showing a highest efficiency of 78.8% at a volumetric fill-factor of 46.9%.

5.10 Performance comparison with curved waveguides
To benchmark the performance of the SVPC, waveguides having similarly small bend-radii
were fabricated and optically characterized. SEM images of the waveguides are shown in
Fig. 5.21. The waveguides all have cross sectional size of 10 µm width and 10 µm height. This
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size was chosen to match the mode profile of the input fiber to the waveguide. A straight
waveguide (Rbend = ∞) was created to provide a reference against which the performance of the
curved waveguides could be compared. Losses due to insertion, output coupling, and scattering
due to sidewall roughness could be assumed to be similar, so that any additional losses found for
the curved guides could be attributed to mode leakage in the turn. To optically characterize the
series of structures, light was coupled in to each waveguide using the source fiber and the output
at the opposite end was measured from line-scans recorded using either the straight-through or
bent-beam fibers. Each reading was referenced and normalized to the peak-intensity of the input
beam profile. The input beam profile was measured removing all structures, butt-coupling the
straight-through fiber to the source fiber, and performing a horizontal line-scan. The references
intensity of the source beam and all waveguides was plotted and analyzed as shown in Fig. 5.22.

Figure 5.21. SEM images of the fabricated (a) straight, and curved waveguides having (b)
Rbend = 15 µm and (c) Rbend = 35 µm.

The source beam was found to have a Gaussian-like profile with a FWHM of 9 μm, as
commonly seen for all SVPC measurements. The straight-through fiber was retracted from the
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output face of the source to allow the beam to propagate 50 μm in free space. In this position, the
source beam profile has diverged to a FWHM of 14 μm, and the peak of the horizontal line-scan
drops to about 72.9% of the value measured when the fibers are butt-coupled. When the straight
waveguide is present between the source and straight-through fibers, the (normalized)
peak-intensity is higher, reaching 84.8%, and the FWHM of the line-scan is again narrow. These
results suggest that the straight waveguide effectively guides and confines the beam. The reduction
in peak-intensity can be attributed to losses at the input and output faces, and scatter due to sidewall
roughness when the beam was guided inside the straight waveguide.
When the straight waveguide is replaced by a curved waveguide having Rbend = 10 µm,
peak normalized-intensity drops to 5.6%. This beam-bending efficiency is almost 10 times lower
than the SVPC, which has a comparable turn radius. If we normalize to the straight waveguide to
account for losses due to the reflection from the input and output interfaces, scattering from uneven
surface, and leakage from the post holding the waveguide the efficiency obtained is 6.6%, which
is still much smaller than that obtained for the SVPC, even though no attempt has been made to
compensate for its losses due to insertion, output-coupling, and scattering. The peak-intensity
increases steadily for all waveguides as the turn radius increases, and the widths of the horizontal
lines-scans are all comparable to that of the source. This indicates that the waveguides fabricated
by MPL are functional, but they suffer from high loss in the turn, as expected. It is noteworthy
that even for the waveguide having Rbend = 35 μm, the peak increases to only 13.7%, which is still
four times smaller than that for the SVPC. These results prove that the SVPC beam bending cannot
be due to waveguiding and it shows that the devices offer far greater performance for steering
beams through tight turns than conventional waveguides.
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Figure 5.22. Optical performance of waveguides fabricated to benchmark the beam
bending performance of the SVPCs. The results are normalized to the butt-coupled
straight-through fiber with input fiber.

5.11 Conclusion
3D spatially-variant photonic crystals (SVPCs) have been shown to be capable of
controlling the spatial propagation at the telecommunications wavelengths centered at
λ0 = 1.55 µm. 3D MPL provides flexible means to fabricate high resolution SVPCs by using the
photopolymer IP-Dip. Optical characterization of the fabricated SVPCs shows that a bending
efficiency of 52.5% is possible for an SVPC having a volumetric fill-factor of 46%. The mode
profile of the beam is preserved as the beam is bent through the turn with high tolerance to
misalignment. It is found that the bending efficiency depends not only on the volumetric fill-factor
but also on the aspect ratio and lattice spacing of the unit cell. The beam-bending efficiency is
most sensitive to the fill-factor. The SVPC has a bending bandwidth of ca. 153 nm, which is four
times wider than the telecom C-band.
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The SVPC bents beam through self-collimation and not through total internal reflection.
The optical performance of the SVPC can be improved to almost 80% by optimizing the
spatial-variant design and fabrication process. SVPCs offer much better performance than
conventional optical waveguides. The experimental results demonstrate the potential of SVPCs
as interconnects for optoelectronic circuits.
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6. NONLINEAR PHENOMENA OBSERVED IN SVPC
CHARACTERIZATION
6.1

Introduction
The data presented in Chapters 4 and 5 support the claim that SVPCs direct the flow of

light through the self-collimation effect.
independent of the light intensity.

Self-collimation is a linear phenomenon that is

However, the laser used for characterizing the optical

performance of the SVPC is a mode-locked amplified femtosecond pulsed laser system which is
capable of generating high peak-intensity. This chapter discusses intensity-dependent effects that
were observed in the course of optically characterizing the SVPCs. The first of these is an
intensity-dependence of the beam-bending efficiency observed for certain SVPCs, which is
referred to hereafter as "super-collimation". And the second is related to the apparent ability to
image light scattered out of the SVPC when it was characterized near λ0 = 1.55 μm and viewed
using a silicon-CCD based camera. This effect is referred to hereafter as "nonlinear imaging".

6.2

Possible cause of "super-collimation"
One of the possible causes of "super-collimation" is the formation of solitons. Solitons are

self-reinforcing solitary waves that causes an intensity dependent self-guided beam to remain
collimated as it propagates inside a material.113-115 The natural spreading of beams induced by
diffraction can be compensated by self-focusing of the optical beam induced by Kerr effect. Kerr
effect is the nonlinear process that is due to the change in refractive index of a material induced by
the intensity of light. There are two soliton classifications in the context of nonlinear optics –
temporal and spatial solitons.116 The classification depends on the occurrence of the confinement
of light during the propagation of wave whether it is in time or space.
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The only demonstration in the literature of the formation of spatial solitons in a 2D photonic
crystal was done numerically at a wavelength above the self-collimation wavelength.117 At
wavelengths equal and below the self-collimation wavelength, there was no spatial soliton
observed and self-guiding was completely suppressed. Temporal soliton was experimentally
demonstrated in a 2D silicon photonic crystal where the pulse was compressed from 3.7 ps to
1.6 ps with <10 pJ energy.118

6.3

Optical characterization of SVPCs exhibiting "super-collimation"
SVPCs exhibiting super-collimation were characterized as described in Section 3.5 with

the following exceptions. An additional polarizer was inserted before the polarizer-objective
combination in Fig. 3.12. The average laser power incident on the SVPC was then adjusted by
rotating the angle of the first polarizer in the series. The relative power was measured for a given
polarizer-angle using the reference detector as for all other experiments described previously.

6.4

Observed super-collimation effect during beam bending
The super-collimation effect was only observed in the beam bending of certain SVPCs. By

way of example, we discuss here the optical characterization of an SVPC having a fill-factor of
68.9%, a lattice-spacing of a = 1.14 µm, and an aspect ratio of 1.94. Figure 6.1 shows the
dependence of the beam bending peak-efficiency on the average power of the laser light incident
on the SVPC at a center wavelength of λ0 = 1.59 μm. At low input power, the efficiency remains
constant at 8%. Beyond an input power of 11 mW, the beam bending peak-efficiency increases
with incident laser power and reaches 32% efficiency at an input power of 20 mW. The beam
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bending peak efficiency of certain SVPCs was found to depend on the average power of the
incident laser beam at fixed repetition rate.
At least 10 SVPCs were characterized for non-linear beam bending. The super-collimation
effect was only observed for SVPCs having low beam bending peak-efficiency at λ0 = 1.55 μm.
Furthermore, there were SVPCs having low beam bending peak-efficiency that did not exhibit
super-collimation effect. The super-collimation was only observed at wavelengths above that for
which the SVPC was designed. The highest nonlinear beam-bending efficiency observed was
68%.

Figure 6.1. Dependence of the beam bending peak-efficiency on the average laser
power incident on the SVPC. The beam bending peak-efficiency is independent of the
light intensity, up to an average power of 11 mW. Beyond this point, the beam bending
peak-efficiency increases with average input power.
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Fig. 6.2 shows the peak-efficiency of the straight-through beam as a function of the input
power. At low input power, the efficiency of the straight-through beam is also low. However, at
15 mW input power, corresponding to the input power where the beam bending peak-efficiency
(Fig. 6.1) is increasing, the straight-through peak efficiency is at its maximum. Further increasing
the input power, the straight-through peak efficiency goes down corresponding to the beam
bending peak-efficiency going up. These results suggest that at lower input power, the input beam
is uniformly scattered across the SVPC lattice. As the power reaches above 11 mW, the
peak-intensity decreases from the maximum. This is consistent with more optical power routing
out of the straight-through path, and through the bend, as the input power is increased.

Figure 6.2. Peak-efficiency of the beam going straight through the lattice as a function of
the input power.

The results shown in Figs. 6.1 and 6.2 were found to be repeatable, indicating that there is
no permanent change in the material as it is exposed to the incident laser light. To investigate the
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possibility that the super-collimation effect resulted from a thermal phenomenon, the intensity
dependent beam-bending was observed while changing the repetition rate of the pulsed laser. As
the repetition rate of the pulsed laser was reduced, the pulse energy was kept the same. The
beam-bending peak efficiency did not change significantly (within measured uncertainty) as the
repetition rate was reduced from 1000 Hz to 1 Hz. This suggests that the super-collimation effect
cannot be due to a thermal nonlinearity that accumulates over multiple laser pulses. Given the
duration of the individual laser pulses is approximately 120 fs, and electronic excitations
thermalize on the picosecond timescale, the effect also cannot be due to thermal effects
accumulating over the duration of single femtosecond pulses. These observations rule out the
possibility of a thermal effect causing the observed intensity-dependent beam bending.
The beam profile of the input beam was studied as a function of input power to explore the
possibility that the peak-efficiency increases with power due a narrowing of the input beam profile.
The beam profile was measured by butt-coupling the straight-through fiber with the source fiber
and doing a complete 2D scan. Figure 6.3 shows the profile of the input beam as the power of the
incident beam was increased. With the exception of the lowest input power, the beam profiles at
all powers look similar, and as can be seen in the inset of Fig. 6.3, their FWHM are the same within
the uncertainty of the measurement. These data rule out the possibility that the super-collimation
effect observed in SVPC is due to changes in the input beam profile.
The super-collimation effect observed with certain SVPCs only occurs at wavelengths
above the design self-collimation wavelength. The observed effect has the same attribute as spatial
soliton formation discussed in Sect. 6.2.

The hypothesis that a spatial soliton causes the

super-collimation effect observed for certain SVPCs requires much more study to be supported.
This is an unusual phenomenon since it involves both beam bending partially due to
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self-collimation and spatial soliton at the same time. Additional data need to be measured such as
the profile of the beam exiting the bent-beam face and going straight through the lattice for
different input power.

Figure 6.3. Beam profile of the source at λ0 = 1.59 μm for different input power. The beam
profile remains the same with varying power. The number inside the plots is the FWHM
of the Gaussian fit. (Inset) FWHM of the intensity profile of the input beam with respect
to the input power measured by butt-coupling the straight-through fiber to the source fiber.
The FWHM is within the margin of error except for the two lowest powers.
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Figure 6.4. SVPC beam bending at λ0 = 1.55 μm observed in real time. The image was
taken using a CCD-camera with a silicon detector.

6.5

Non-linear imaging of beam-bending in an SVPC using a silicon CCD
The SVPC beam bending at λ0 = 1.55 μm could be visualized through the microscope fitted

with a silicon CCD-camera with a silicon detector (Fig. 6.4). When high intensity input was
incident on the entrance face of the SVPC, the structures appears to glow along the path of beam
bending. This glowing is due to the scattering of light within the SVPC lattice. At low input
intensity, little or no glow was observed. However, this does not mean that there is no scattering.
It only implies that the CCD camera did not capture the scattering at low input intensity. Silicon
has a bandgap at around λ0 = 1.13 μm, which means it should not absorb light at a wavelength of
around λ0 = 1.55 μm, and we should not be able to capture the image of beam bending shown in
Fig. 6.4. However, the image intensity was only observed when the input power was high, and the
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image brightness fluctuated significantly with input power, suggesting that an optical nonlinearity
was involved.
The signal captured by the CCD-camera could be either (1) visible signal generated by
up-converted fluorescence within the sample or (2) light scattered at λ0 = 1.55 μm that generates
photo-carriers by nonlinear absorption in the silicon CCD imaging elements. To establish the
origin of the detected signal, the input light was scattered from the tip of an optical fiber, and the
image brightness was measured as a function of the incident light intensity. The optical fiber is
made of silica that has a bandgap of ~140 nm,119 so the fiber can be assumed to exhibit negligible
multi-photon absorption and upconverted fluorescence at λ0 = 1.55 μm.

This experiment

eliminates upconverted fluorescence within the SVPC as a source for the signal on the CCD and
allows us to test the hypothesis that the CCD camera could directly detect light scattered at
λ0 = 1.55 μm, most likely by multi-photon generation of carriers.

Figure 6.5. Example of an image captured with the CCD-camera of light scattered at
λ0 = 1.55 μm from the tip of a fiber at an input power of 15 mW. The blue box shows the
location in the image where pixels were not saturated. Pixel intensity in the blue box was
binned and measured using ImageJ to understand how the silicon CCD camera was able to
image the near infrared beam, through a study of how the binned pixel intensity changed
with input power.
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Images of light scattered from the tip of an optical fiber were recorded as a function of the
average power of the incident laser light (Fig. 6.5). The pixel count was averaged in a region
where the pixel intensity was not saturated at any point during the experiment. The data obtained
are shown in Fig. 6.6. At low input power, the average pixel count is almost zero, with the baseline
taken as the noise in the detector or dark counts. As the input power reaches 5 mW, the average
pixel value begins to increase. The average pixel count increases super-linearly with input power.
A log-log plot (Fig. 6.7 inset) was created and fit to a straight line to extract the power dependence
of the measured signal on the input power. The slope of the line is nearly two, suggesting that the
detected light depends quadratically on the incident light intensity, and the CCD pixels are
detecting light at λ0 = 1.55 μm due to two-photon absorption by silicon.
This is a reasonable assumption given that a signal was initially detected by the silicon
detector at an average input laser power of 5 mW. The laser source has a repetition rate of 1000 Hz,
a specified pulse width of 120 fs, and a measured beam diameter (FWHM) at the sample of 9 μm.
Given these values, the peak intensity is 6.55 × 104 GW/cm2 at the tip of the fiber. Assuming that
4% of the reflected light at the end of fiber forms a hemispherical cone, the amount of light
collected by the Nikon 10× microscope objective with NA = 0.30 is 0.8%. This amount of light
was distributed across 2244 pixels in the Si sensor of the Basler Scout CCD camera with each
pixel measuring 9.9 µm × 9.9 µm in size.120 The peak intensity hitting each pixel is 0.61 GW/cm2.
Silicon has a two-photon absorption coefficient β = 0.8 cm/GW at λ0 = 1.55 μm.121, 122 The
two-photon absorption coefficient is defined by123
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

= −𝛼𝛼𝛼𝛼 − 𝛽𝛽𝐼𝐼 2 ,
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(6.1)

where I is the laser intensity, x is the direction of light propagation, α is the one-photon absorption
coefficient, and β is the two-photon absorption coefficient. The solution to this differential
equation when α = 0 is
𝐼𝐼(𝑥𝑥) =

𝐼𝐼0

1+ 𝛽𝛽𝛽𝛽𝐼𝐼0

,

(6.2)

where I(x) is the transmitted intensity, I0 is the initial intensity, and x is the optical pathlength.
Using Eqn. 6.2, a silicon sensor with a typical active thickness of xsilicon = 45 µm124 can absorb
0.002% of the initial peak intensity of 0.61 GW/cm2. This level of absorption would create 5 × 108
photo-carriers per pixel and an easily detectable signal.
Raghunathan et al. experimentally demonstrated that silicon is capable of nonlinear
absorption at mid-infrared wavelengths.125 They showed that at λ0 = 2.09 μm, the transmission of
a double-side polished silicon reduces with increasing pump intensity. The reduction in the
transmission intensity was attributed to the two-photon absorption of silicon. Two-photon induced
conductivity on a commercial silicon photodiode was also reported using light having
λ0 = 1.91 μm.126 The photocurrent of the Si photodiode was found to increase quadratically with
increasing input power.

Furthermore, Chua et al. reported capturing an infrared image at

λ0 = 1.55 μm using a Si-CCD imaging sensor.127 These earlier findings and the experiments
described here suggest that the light imaged from the SVPC originates from nonlinear absorption
by the silicon detector, and not due to upconverted fluorescence within the SVPC. In future work,
the super-collimated output of the SVPC will be analyzed using a near-infrared spectrophotometer
to confirm that the sample does not generate upconverted fluorescence.
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Figure 6.6. Dependence of pixel count on the input power. (Inset) Log-log plot that is
fitted with a straight line. The slope is nearly two, suggesting that the pixel sensitivity
depends quadratically on input power.

6.6

Conclusion
Nonlinear phenomena were observed during SVPC characterization due to the AFS laser

source that is capable of generating high peak power – super-collimation and nonlinear imaging.
Super-collimation causes the SVPC beam bending efficiency to reach 68% and might be explained
as due to the formation of a spatial soliton. Nonlinear absorption of silicon allows the imaging of
light at λ0 = 1.55 nm using a silicon-based camera detector. While not technologically useful in
its present form, these experiment suggest a new scheme for all-optical switching and signal
direction.
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7. CONCLUSION AND FUTURE OUTLOOK
7.1
7.1.1

Future outlook
Fabrication challenges and opportunities
A wide array of SVPCs with different fill-factors, lattice spacings, and aspect ratios were

fabricated and optically characterized, and this has added significantly to our understanding of
SVPCs. However, large regions in the design space still must be explored to achieve a thorough
understanding of the relationship between structure and performance of beam bending SVPCs.
Figure 7.1 shows the SVPCs that have been explored in this work, plotted in terms of their aspect
ratios and fill-factors. The plot reveals that SVPCs having both large fill-factor and large aspect
ratio or both small fill-factor and small aspect ratio remain unexamined experimentally.
Fabricating an SVPC with an aspect ratio greater than two and a fill-factor greater than 50% will
yield a 2D SVPC composed of essentially vertical sheets. These could be readily fabricated, in
principle. The other region of interest is, where the aspect ratio is below 1.5 and the fill-factor is
below 45% would be very challenging to fabricate, as the corresponding structures would not be
mechanically self-supporting and would most likely be highly distorted during the post-exposure
solvent developing step. New developing processes, sample handling methods, and perhaps even
a new material system, would need to be developed before this region could be explored
systematically.
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Figure 7.1. Plot of SVPCs that have been explored in this work, shown in terms of their
corresponding fill-factors and aspect ratios. The boxes indicate regions in the design space
that remain unexplored but which are needed to fully understand the relationship between
SVPC structure and optical performance.

7.1.2

Beam bending at 850 nm
In most short-range optical interconnects, particularly in data centers, vertical cavity

surface emitting lasers (VCSELs) operating at 850 nm are a key enabling technology. VCSELs
are cost-effective, energy-efficient, and highly reliable sources. They offer significant advantages
over competing technologies, such as edge-emitting laser diodes, including higher beam quality,
lower power consumption, and lower manufacturing cost. With this in mind, it is desirable to have
SVPCs that could bend a beam at a center wavelength of λ0 = 850 nm and could be integrated with
VCSELs in photonic circuits. Polymeric SVPCs that operate at λ0 = 850 nm would have a lattice
spacing of roughly 600 nm. Creating SVPCs with lattice spacing this small would require new
processing methods and most likely new materials.
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7.1.3

Other optoelectronic devices based on SVPC
The results in this dissertation show that SVPCs offer new capabilities for controlling light

beams. This creates new opportunities for addressing challenges in photonics and enabling new
applications. The concept of SVPCs could potentially be used to design and fabricate a "photon
funnel" that concentrates a beam into a small area. This device would function like a lens, in that
it would bring rays to a common focus, but with the added advantage that through self-collimation,
the position of the focal spot would be independent of the angle at which rays impinge on the
funnel. A photon funnel would thus be a lens that is collects light over not only a range of incident
positions, but also a range of incident angles.

Photon funnels could be useful for light

concentration, energy harvesting, sensors, and imaging systems. Optical switch can also be
designed using the concept of the SVPC.

7.2

Conclusion
This dissertation demonstrates that 3D SVPCs can be fabricated and used to steer a light

beam through a turn with radius as small as 6.4λ0 and with a high degree of polarization selectivity.
The SVPCs were fabricated by MPL and optically characterized using a home-built optical-fiber
system. For beam bending at the mid-infrared wavelength of λ0 = 2.94 μm, the SVPCs were
fabricated using the photo-polymer SU-8. Experimental characterization shows that the SVPCs
can bend a vertically polarized light beam when the fill-factor is near 50%. Because SU-8 is
optically absorbing at λ0 = 2.94 μm, the power-efficiency is low, reaching only 8%. These
experimental observations are consistent with numerical simulations.
The photo-polymer IP-Dip was used to fabricate size-scaled SVPCs that can bend a beam
at telecommunications wavelengths near λ0 = 1.55 μm. Optical characterization shows that these
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particular SVPCs provide effective beam control, achieving a beam-bending peak-efficiency of
52.5% for vertically polarized light when the volumetric fill-factor is around 46%.

The

performance of the SVPCs depends strongly on volumetric fill-factor and aspect ratio, but less so
on the lattice spacing change. The SVPCs operate over a broad bandwidth that encompasses both
the C- and the S-band of the telecommunications window. Furthermore, they have higher optical
alignment tolerance than devices that are already regarded as suitable for optical interconnects.
Additionally, optical characterization of a uniform photonic crystal having a similar lattice spacing
suggests that the efficiency of the SVPCs could potentially be as high as 80%, by optimizing the
spatial variation of the unit cell and improving its fabrication.
Unlike dielectric waveguides that guide light through total internal reflection, SVPCs
control the propagation of light through the self-collimation effect. SVPCs can bend light beams
without substantially changing the mode profile and could therefore be used to control and route
light beams with complex irradiance profiles, without bias against higher-order modes. This is an
important new solution for applications in integrated photonics, where ways to control beams
having complex irradiance profiles are sought.47 Moreover, 3D SVPCs could be designed and
fabricated for directing macroscopic beams and imaging at visible and infrared wavelengths
because there is no restriction on the size of the beam that can be steered. THz waves could
potentially be controlled by using larger-period SVPCs.128
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APPENDIX A: SU-8 n AND κ VALUES

119

VASE Measurements
λ0 / µm
n
0.50
1.6094
0.51
1.6078
0.52
1.6064
0.53
1.6050
0.54
1.6038
0.55
1.6026
0.56
1.6014
0.57
1.6003
0.58
1.5993
0.59
1.5984
0.60
1.5974
0.61
1.5966
0.62
1.5957
0.63
1.5950
0.64
1.5942
0.65
1.5935
0.66
1.5928
0.67
1.5922
0.68
1.5915
0.69
1.5910
0.70
1.5904
0.71
1.5898
0.72
1.5893
0.73
1.5888
0.74
1.5883
0.75
1.5879
0.76
1.5875
0.77
1.5870
0.78
1.5866
0.79
1.5862
0.80
1.5859
0.81
1.5855
0.82
1.5852
0.83
1.5848
0.84
1.5845
0.85
1.5842
0.86
1.5839
0.87
1.5836
0.88
1.5833
0.89
1.5830
0.90
1.5828

κ
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

VASE Measurements
λ0 / µm
n
0.91
1.5825
0.92
1.5823
0.93
1.5821
0.94
1.5818
0.95
1.5816
0.96
1.5814
0.97
1.5812
0.98
1.5810
0.99
1.5808
1.00
1.5806
1.01
1.5804
1.02
1.5802
1.03
1.5801
1.04
1.5799
1.05
1.5797
1.06
1.5796
1.07
1.5794
1.08
1.5793
1.09
1.5791
1.10
1.5790
1.11
1.5789
1.12
1.5787
1.13
1.5786
1.14
1.5785
1.15
1.5783
1.16
1.5782
1.17
1.5781
1.18
1.5780
1.19
1.5779
1.20
1.5778
1.21
1.5777
1.22
1.5776
1.23
1.5775
1.24
1.5774
1.25
1.5773
1.26
1.5772
1.27
1.5771
1.28
1.5770
1.29
1.5769
1.30
1.5768
1.31
1.5767
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κ
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

VASE Measurements
λ0 / µm
n
1.32
1.5767
1.33
1.5766
1.34
1.5765
1.35
1.5764
1.43
1.5759
1.44
1.5758
1.45
1.5758
1.46
1.5757
1.47
1.5756
1.48
1.5756
1.49
1.5755
1.50
1.5755
1.51
1.5754
1.52
1.5754
1.53
1.5753
1.54
1.5753
1.55
1.5752
1.56
1.5752
1.57
1.5751
1.58
1.5751
1.59
1.5750
1.60
1.5750
1.61
1.5749
1.62
1.5749
1.63
1.5748
1.64
1.5748
1.65
1.5748
1.66
1.5747
1.67
1.5747
1.68
1.5746
1.69
1.5746
1.70
1.5746
1.71
1.5745
1.72
1.5745
1.73
1.5745
1.74
1.5744
1.75
1.5744
1.76
1.5743
1.77
1.5743
1.78
1.5743
1.79
1.5743

κ
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

VASE Measurements
λ0 / µm
n
1.80
1.5742
1.81
1.5742
1.82
1.5742
1.83
1.5741
1.84
1.5741
1.85
1.5741
1.86
1.5740
1.87
1.5740
1.88
1.5740
1.89
1.5740
1.90
1.5739
1.91
1.5739
1.92
1.5739
1.93
1.5739
1.94
1.5738
1.95
1.5738
1.96
1.5738
1.97
1.5738
1.98
1.5737
1.99
1.5737
2.00
1.5737

κ
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

IR-VASE Measurements
λ0 / µm
n
κ
1.6162
1.5777
7.78 × 10-8
1.6284
1.5777
9.21 × 10-8
1.6367
1.5777
1.18 × 10-7
1.6491
1.5776
1.40 × 10-7
1.6576
1.5776
1.64 × 10-7
1.6661
1.5776
2.10 × 10-7
1.6790
1.5775
2.47 × 10-7
1.6878
1.5775
2.89 × 10-7
1.6966
1.5775
3.39 × 10-7
1.7056
1.5774
4.30 × 10-7
1.7191
1.5774
5.02 × 10-7
1.7283
1.5774
5.86 × 10-7
1.7376
1.5773
6.83 × 10-7
1.7469
1.5773
7.95 × 10-7
1.7564
1.5773
9.25 × 10-7
1.7660
1.5772
1.07 × 10-6

IR-VASE Measurements
λ0 / µm
n
κ
1.7757
1.5772
1.25 × 10-6
1.7854
1.5772
1.45 × 10-6
1.7953
1.5771
1.67 × 10-6
1.8053
1.5771
1.93 × 10-6
1.8154
1.5770
2.23 × 10-6
1.8257
1.5770
2.58 × 10-6
1.8360
1.5769
2.97 × 10-6
1.8465
1.5769
3.42 × 10-6
1.8571
1.5769
3.93 × 10-6
1.8678
1.5768
4.51 × 10-6
1.8786
1.5768
5.17 × 10-6
1.8895
1.5767
5.53 × 10-6
1.8951
1.5767
6.33 × 10-6
1.9062
1.5766
7.24 × 10-6
1.9175
1.5766
8.27 × 10-6
1.9289
1.5766
8.83 × 10-6
1.9347
1.5765
1.01 × 10-5
1.9463
1.5764
1.15 × 10-5
1.9580
1.5764
1.30 × 10-5
1.9700
1.5764
1.39 × 10-5
1.9760
1.5763
1.58 × 10-5
1.9881
1.5763
1.68 × 10-5
1.9942
1.5762
1.90 × 10-5
2.0065
1.5761
2.15 × 10-5
2.0190
1.5761
2.29 × 10-5
2.0254
1.5760
2.59 × 10-5
2.0381
1.5760
2.75 × 10-5
2.0445
1.5759
3.10 × 10-5
2.0575
1.5759
3.29 × 10-5
2.0641
1.5758
3.70 × 10-5
2.0773
1.5758
3.93 × 10-5
2.0840
1.5757
4.41 × 10-5
2.0975
1.5757
4.68 × 10-5
2.1043
1.5756
5.25 × 10-5
2.1180
1.5756
5.55 × 10-5
2.1250
1.5755
6.22 × 10-5
2.1390
1.5754
6.58 × 10-5
2.1461
1.5754
6.96 × 10-5
2.1532
1.5753
7.77 × 10-5
2.1676
1.5752
8.21 × 10-5
2.1749
1.5752
9.16 × 10-5
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IR-VASE Measurements
λ0 / µm
n
κ
2.1896
1.5751
9.66 × 10-5
2.1970
1.5751
1.02 × 10-4
2.2045
1.5750
1.13 × 10-4
2.2196
1.5749
1.20 × 10-4
2.2272
1.5748
1.26 × 10-4
2.2349
1.5748
1.33 × 10-4
2.2426
1.5747
1.47 × 10-4
2.2582
1.5746
1.55 × 10-4
2.2661
1.5746
1.63 × 10-4
2.2741
1.5745
1.72 × 10-4
2.2821
1.5744
1.90 × 10-4
2.2983
1.5743
2.00 × 10-4
2.3065
1.5743
2.10 × 10-4
2.3147
1.5742
2.20 × 10-4
2.3230
1.5741
2.43 × 10-4
2.3398
1.5740
2.55 × 10-4
2.3482
1.5739
2.68 × 10-3
2.3568
1.5739
2.81 × 10-4
2.3654
1.5738
2.94 × 10-4
2.3740
1.5737
3.09 × 10-4
2.3828
1.5736
3.23 × 10-4
2.3916
1.5735
3.55 × 10-4
2.4093
1.5734
3.72 × 10-4
2.4183
1.5733
3.89 × 10-4
2.4274
1.5732
4.07 × 10-4
2.4365
1.5731
4.26 × 10-4
2.4457
1.5730
4.45 × 10-4
2.4550
1.5730
4.66 × 10-4
2.4643
1.5729
4.87 × 10-4
2.4737
1.5728
5.09 × 10-4
2.4832
1.5727
5.31 × 10-4
2.4927
1.5726
5.55 × 10-4
2.5024
1.5725
5.79 × 10-4
2.5121
1.5724
6.05 × 10-4
2.5218
1.5722
6.31 × 10-4
2.5317
1.5721
6.58 × 10-4
2.5416
1.5720
6.86 × 10-4
2.5516
1.5719
7.16 × 10-4
2.5617
1.5718
7.46 × 10-4
2.5719
1.5716
7.78 × 10-4
2.5821
1.5715
8.10 × 10-4

IR-VASE Measurements
λ0 / µm
n
κ
2.5925
1.5713
8.45 × 10-4
2.6029
1.5712
8.82 × 10-4
2.6134
1.5710
9.21 × 10-4
2.6239
1.5708
9.65 × 10-4
2.6346
1.5706
1.01 × 10-3
2.6454
1.5704
1.07 × 10-3
2.6562
1.5702
1.14 × 10-3
2.6671
1.5699
1.23 × 10-3
2.6782
1.5696
1.34 × 10-3
2.6893
1.5693
1.49 × 10-3
2.7005
1.5690
1.67 × 10-3
2.7118
1.5687
1.91 × 10-3
2.7232
1.5683
2.22 × 10-3
2.7347
1.5680
2.60 × 10-3
2.7462
1.5677
3.05 × 10-3
2.7579
1.5675
3.59 × 10-3
2.7697
1.5673
4.19 × 10-3
2.7816
1.5672
4.86 × 10-3
2.7936
1.5673
5.55 × 10-3
2.8057
1.5675
6.24 × 10-3
2.8179
1.5678
6.89 × 10-3
2.8302
1.5683
7.47 × 10-3
2.8426
1.5689
7.93 × 10-3
2.8551
1.5695
8.24 × 10-3
2.8678
1.5702
8.38 × 10-3
2.8805
1.5709
8.36 × 10-3
2.8934
1.5716
8.17 × 10-3
2.9063
1.5721
7.83 × 10-3
2.9194
1.5726
7.39 × 10-3
2.9326
1.5729
6.87 × 10-3
2.9460
1.5730
6.31 × 10-3
2.9594
1.5730
5.76 × 10-3
2.9730
1.5729
5.23 × 10-3
2.9867
1.5726
4.77 × 10-3
3.0005
1.5723
4.38 × 10-3
3.0145
1.5719
4.06 × 10-3
3.0286
1.5715
3.82 × 10-3
3.0428
1.5710
3.66 × 10-3
3.0571
1.5705
3.56 × 10-3
3.0716
1.5700
3.51 × 10-3
3.0863
1.5695
3.51 × 10-3

IR-VASE Measurements
λ0 / µm
n
κ
3.1010
1.5690
3.54 × 10-3
3.1159
1.5685
3.59 × 10-3
3.1310
1.5680
3.66 × 10-3
3.1462
1.5674
3.76 × 10-3
3.1615
1.5667
3.88 × 10-3
3.1770
1.5660
4.04 × 10-3
3.1927
1.5651
4.27 × 10-3
3.2085
1.5640
4.65 × 10-3
3.2244
1.5628
5.26 × 10-3
3.2406
1.5614
6.24 × 10-3
3.2569
1.5600
7.72 × 10-3
3.2733
1.5587
9.83 × 10-3
3.2899
1.5578
1.26 × 10-3
3.3067
1.5577
1.60 × 10-2
3.3237
1.5587
1.96 × 10-2
3.3408
1.5610
2.31 × 10-2
3.3581
1.5644
2.58 × 10-2
3.3756
1.5686
2.74 × 10-2
3.3933
1.5732
2.75 × 10-2
3.4111
1.5774
2.61 × 10-2
3.4292
1.5807
2.36 × 10-2
3.4474
1.5830
2.04 × 10-2
3.4658
1.5839
1.70 × 10-2
3.4845
1.5839
1.39 × 10-2
3.5033
1.5831
1.14 × 10-2
3.5224
1.5818
9.52 × 10-3
3.5416
1.5805
8.27 × 10-3
3.5611
1.5792
7.53 × 10-3
3.5807
1.5780
7.15 × 10-3
3.6006
1.5770
7.01 × 10-3
3.6207
1.5762
7.01 × 10-3
3.6411
1.5755
7.08 × 10-3
3.6617
1.5750
7.19 × 10-3
3.6825
1.5745
7.31 × 10-3
3.7035
1.5742
7.44 × 10-3
3.7248
1.5738
7.58 × 10-3
3.7463
1.5735
7.71 × 10-3
3.7681
1.5733
7.84 × 10-3
3.7901
1.5730
7.98 × 10-3
3.8124
1.5728
8.11 × 10-3
3.8350
1.5726
8.25 × 10-3
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IR-VASE Measurements
λ0 / µm
n
κ
3.8578
1.5724
8.38 × 10-3
3.8809
1.5723
8.52 × 10-3
3.9043
1.5721
8.65 × 10-3
3.9280
1.5720
8.78 × 10-3
3.9519
1.5718
8.91 × 10-3
3.9762
1.5717
9.04 × 10-3
4.0007
1.5716
9.17 × 10-3
4.0256
1.5715
9.30 × 10-3
4.0507
1.5713
9.43 × 10-3
4.0762
1.5712
9.56 × 10-3
4.1020
1.5711
9.68 × 10-3
4.1281
1.5710
9.81 × 10-3
4.1546
1.5709
9.93 × 10-3
4.1814
1.5708
1.01 × 10-2
4.2085
1.5707
1.02 × 10-2
4.2360
1.5707
1.03 × 10-2
4.2639
1.5706
1.04 × 10-2
4.2921
1.5705
1.05 × 10-2
4.3208
1.5704
1.06 × 10-2
4.3498
1.5703
1.08 × 10-2
4.3791
1.5702
1.09 × 10-2
4.4089
1.5701
1.10 × 10-2
4.4391
1.5700
1.11 × 10-2
4.4698
1.5699
1.12 × 10-2
4.5008
1.5698
1.13 × 10-2
4.5323
1.5697
1.14 × 10-2
4.5642
1.5696
1.15 × 10-2
4.5965
1.5694
1.16 × 10-2
4.6294
1.5693
1.17 × 10-2
4.6627
1.5692
1.17 × 10-2
4.6965
1.5690
1.18 × 10-2
4.7307
1.5689
1.19 × 10-2
4.7655
1.5687
1.20 × 10-2
4.8008
1.5685
1.21 × 10-2
4.8367
1.5684
1.21 × 10-2
4.8730
1.5682
1.22 × 10-2
4.9100
1.5680
1.23 × 10-2
4.9474
1.5677
1.23 × 10-2
4.9855
1.5675
1.24 × 10-2
5.0241
1.5672
1.24 × 10-2
5.0634
1.5669
1.25 × 10-2

IR-VASE Measurements
λ0 / µm
n
κ
5.1033
1.5666
1.26 × 10-2
5.1438
1.5663
1.26 × 10-2
5.1849
1.5659
1.26 × 10-2
5.2267
1.5655
1.27 × 10-2
5.2692
1.5651
1.27 × 10-2
5.3124
1.5646
1.28 × 10-2
5.3563
1.5641
1.28 × 10-2
5.4009
1.5635
1.28 × 10-2
5.4463
1.5629
1.28 × 10-2
5.4925
1.5621
1.29 × 10-2
5.5394
1.5613
1.29 × 10-2
5.5872
1.5604
1.29 × 10-2
5.6358
1.5594
1.29 × 10-2
5.6852
1.5582
1.29 × 10-2
5.7355
1.5567
1.29 × 10-2
5.7867
1.5550
1.30 × 10-2
5.8389
1.5528
1.30 × 10-2
5.8920
1.5497
1.34 × 10-2
5.9460
1.5454
1.50 × 10-2
6.0010
1.5410
1.97 × 10-2
6.0571
1.5403
2.74 × 10-2
6.1143
1.5456
3.27 × 10-2
6.1725
1.5517
3.06 × 10-2
6.2318
1.5513
2.37 × 10-2
6.2924
1.5437
1.85 × 10-2
6.3540
1.5311
1.75 × 10-2
6.4170
1.5099
2.42 × 10-2
6.4811
1.4892
6.38 × 10-2
6.5466
1.5288
1.09 × 10-1
6.6134
1.5682
9.47 × 10-2
6.6816
1.5809
8.22 × 10-2
6.7512
1.5929
6.63 × 10-2
6.8223
1.5914
4.71 × 10-2
6.8948
1.5812
3.70 × 10-2
6.9690
1.5719
3.51 × 10-2
7.0447
1.5658
3.60 × 10-2
7.1221
1.5615
3.72 × 10-2
7.2012
1.5573
3.81 × 10-2
7.2822
1.5522
3.91 × 10-2
7.3649
1.5455
4.13 × 10-2
7.4496
1.5376
4.61 × 10-2

IR-VASE Measurements
λ0 / µm
n
κ
7.5362
1.5295
5.42 × 10-2
7.6249
1.5213
6.44 × 10-2
7.7156
1.5069
8.01 × 10-2
7.8086
1.4922
1.26 × 10-1
7.9038
1.5414
1.94 × 10-1
8.0014
1.6337
1.78 × 10-1
8.1014
1.6546
1.11 × 10-1
8.2040
1.6319
8.31 × 10-2
8.3092
1.6209
7.98 × 10-2
8.4171
1.6155
7.47 × 10-2
8.5278
1.6030
7.39 × 10-2
8.6415
1.5935
9.06 × 10-2
8.7583
1.6088
1.13 × 10-1
8.8782
1.6386
1.09 × 10-1
9.0015
1.6482
8.51 × 10-2
9.1283
1.6343
7.34 × 10-2
9.2587
1.6241
8.53 × 10-2
9.3929
1.6349
1.03 × 10-1
9.5311
1.6610
1.08 × 10-1
9.6733
1.6865
9.39 × 10-2
9.8199
1.6997
6.86 × 10-2
9.9710
1.7013
5.84 × 10-2
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VASE Measurements
λ0 / µm
n
κ
0.45
1.5624
0
0.46
1.5607
0
0.47
1.5591
0
0.48
1.5577
0
0.49
1.5563
0
0.50
1.5550
0
0.51
1.5538
0
0.52
1.5527
0
0.53
1.5516
0
0.54
1.5506
0
0.55
1.5496
0
0.56
1.5487
0
0.57
1.5478
0
0.58
1.5470
0
0.59
1.5462
0
0.60
1.5455
0
0.61
1.5448
0
0.62
1.5441
0
0.63
1.5435
0
0.64
1.5429
0
0.65
1.5423
0
0.66
1.5417
0
0.67
1.5412
0
0.68
1.5407
0
0.69
1.5402
0
0.70
1.5397
0
0.71
1.5393
0
0.72
1.5389
0
0.73
1.5385
0
0.74
1.5381
0
0.75
1.5377
0
0.76
1.5373
0
0.77
1.5370
0
0.78
1.5366
0
0.79
1.5363
0
0.80
1.5360
0
0.81
1.5357
0
0.82
1.5354
0
0.83
1.5351
0

VASE Measurements
λ0 / µm
n
κ
0.84
1.5349
0
0.85
1.5346
0
0.86
1.5344
0
0.87
1.5341
0
0.88
1.5339
0
0.89
1.5337
0
0.90
1.5334
0
0.91
1.5332
0
0.92
1.5330
0
0.93
1.5328
0
0.94
1.5326
0
0.95
1.5325
0
0.96
1.5323
0
0.97
1.5321
0
0.98
1.5319
0
0.99
1.5318
0
1.00
1.5316
0
1.01
1.5315
0
1.02
1.5313
0
1.03
1.5312
0
1.04
1.5310
0
1.05
1.5309
0
1.06
1.5307
0
1.07
1.5306
0
1.08
1.5305
0
1.09
1.5304
0
1.10
1.5303
0
1.11
1.5301
0
1.12
1.5300
0
1.13
1.5299
0
1.14
1.5298
0
1.15
1.5297
0
1.16
1.5296
0
1.17
1.5295
0
1.18
1.5294
0
1.19
1.5293
0
1.20
1.5292
0
1.21
1.5291
0
1.22
1.5290
0

VASE Measurements
λ0 / µm
n
κ
1.23
1.5290
0
1.24
1.5289
0
1.25
1.5288
0
1.26
1.5287
0
1.27
1.5286
0
1.28
1.5286
0
1.29
1.5285
0
1.30
1.5284
0
1.31
1.5283
0
1.32
1.5283
0
1.33
1.5282
0
1.34
1.5281
0
1.35
1.5281
0
1.36
1.5280
0
1.37
1.5280
0
1.38
1.5279
0
1.39
1.5278
0
1.40
1.5278
0
1.41
1.5277
0
1.42
1.5277
0
1.43
1.5276
0
1.44
1.5276
0
1.45
1.5275
0
1.46
1.5275
0
1.47
1.5274
0
1.48
1.5274
0
1.49
1.5273
0
1.50
1.5273
0
1.51
1.5272
0
1.52
1.5272
0
1.53
1.5271
0
1.54
1.5271
0
1.55
1.5270
0
1.56
1.5270
0
1.57
1.5270
0
1.58
1.5269
0
1.59
1.5269
0
1.60
1.5268
0
1.61
1.5268
0
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VASE Measurements
λ0 / µm
n
κ
1.62
1.5268
0
1.63
1.5267
0
1.64
1.5267
0
1.65
1.5267
0
1.66
1.5266
0
1.67
1.5266
0
1.68
1.5266
0
1.69
1.5265
0
1.70
1.5265
0
1.71
1.5265
0
1.72
1.5264
0
1.73
1.5264
0
1.74
1.5264
0
1.75
1.5263
0
1.76
1.5263
0
1.77
1.5263
0
1.78
1.5263
0
1.79
1.5262
0
1.80
1.5262
0
1.81
1.5262
0
1.82
1.5262
0
1.83
1.5261
0
1.84
1.5261
0
1.85
1.5261
0
1.86
1.5261
0
1.87
1.5260
0
1.88
1.5260
0
1.89
1.5260
0
1.90
1.5260
0
1.91
1.5259
0
1.92
1.5259
0
1.93
1.5259
0
1.94
1.5259
0
1.95
1.5259
0
1.96
1.5258
0
1.97
1.5258
0
1.98
1.5258
0
1.99
1.5258
0
2.00
1.5258
0
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1.

Circumstances of Use:

Er:YAG laser is used to characterize the spatially-variant photonic crystal (SVPC) sample that
we fabricate using multi-photon lithography (MPL).

2.

Potential Hazards:
•

This is a Class IV laser: Eye exposure, even to diffuse reflection/scatter, can potentially
cause permanent blindness!

•

Laser beams from Er:YAG can burn skin, clothing, or paints.

•

Specular reflection from the surface of an optic can be harmful to the eyes, as well as
direct exposure. Remove unnecessary reflective surfaces from the laser work area.

•

The laser produces radiation at wavelengths that are not visible, but can still cause
damage.

•

Some substances can ignite from laser exposure such as solvents and inks.

•

Sensitive equipment can be damaged from excessive exposure.

•

Electrical hazard: Laser power supplies contain high current/voltage electronics. Do not
remove covers or attempt to defeat interlocks. Do not attempt to service the system.
Keep away from moisture and other conductive substances.

3.

Work Practice Controls:
•

Use laser goggles that provide high-optical-density (OD > 5) at wavelengths of 2.94 µm
at all times when using this laser.

•

Observe precautions as mentioned in the Er:YAG laser manual.

•

Alert nearby people when the laser is to be turned on.
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•

Turn on the “laser on” warning lights before energizing the laser.

•

Use beam blocks when appropriate and/or laser is on “standby”.

•

Keep re-directed beam confined in a plane close to the surface of the optical table. Avoid
re-directing beams upward/downward or out of this plane.

•

Use beam-tubes and beam-blocks wherever possible to decrease nominal hazard zone.

•

Use caution when using solvents around the laser.

•

Include standard laboratory practice to prevent chemical accidents.

•

Do not view the sample through the microscope with the naked eye when the laser is on.
Sample should routinely be viewed using the CCD camera. Viewing by eye should only
be done during initial alignment and with the laser switched off.

4.

Personal protective equipment (PPE):
•

When the Er:YAG laser is on, wear goggles that have OD > 5 at 2.94 µm. Remember that
the laser beam from the Er:YAG is not visible to the human eye, but can seriously
damage retinal or corneal tissue.

•

When the Er:YAG laser cavity is in standby mode, during alignment of the fibers, wear
goggles that have high OD around 633 nm or follow the HeNe laser SOP.

5.

Experimental Procedure:

Refer to supervisor with any questions about experiments with the laser!
•

Only trained individuals are allowed to operate this laser system! Do not attempt to
operate the system if you have not been trained by Dr. Kuebler. Failure to do so can
result in personal injury and damage to equipment.
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•

DO NOT turn on the Er:YAG laser unless authorized to do so.

•

DO NOT attempt to change the wiring between the power module and resonator module.

•

ALWAYS wear protective eye-wear!

•

DO NOT view the sample through the microscope with the naked eye when the laser is
switched on.

•

Only view the sample with the microscope using the CCD camera when the laser is
switched on.

Before Start-Up
1.

Remove extraneous hardware and reflective items from the table (e.g., foil, screws,
mounts, un-used optics).

2.

3.

Be aware of where will light emitted from the laser go.
(a)

Determine the laser beam path and block it with a suitable beam stop.

(b)

Block stray and reflected light.

Are you using the laser in a manner that is conventional for the group?
(a)

If not, first discuss experiment with supervisor. Once the experiment is approved,

inform the group of these changes and post appropriate warnings.
(b)

Example: The laser is being aligned and there is elevated risk from stray light.

Inform others in the vicinity that the laser is being turned on.
4.

Turn the laser interlock to <ON>.

Start-Up
1.

Check if the circuit breaker is on and the beam block is in “close or upright” position.
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2.

Turn the key switch to <ON>. The system will perform an internal self-diagnostic test.
Wait till the screen displays calibration completed.

3.

If the main menu is not displayed on the screen, press <ENTER>.

4.

Select option <2> to perform external calibration. Press <15> when prompted to enter the
desired energy setting then hit <ENTER>. Press <10> when prompted to enter the
desired repetition rate then hit <ENTER>.

5.

The display will then ask if the water is off, press <Y> on the keyboard.

6.

Step on the footswitch until the clicking sound will turn off, then release the footswitch.
Follow the prompt on the screen. Hit <ENTER> until the main menu is displayed on the
screen.

7.

Select option <4> to condition the fiber. Press <Y> on the keyboard to confirm that the
water is off. Step on the footswitch until 50 mJ conditioning is finished, then release the
footswitch. Wait till the screen displays the main menu again.

8.

Press <READY> and <ENTER> to put the laser in “ready” mode. The laser is now ready
to use. The screen will display the total energy, average power, and power density.

9.

Open the beam block. The red beam from the HeNe alignment laser will then be visible.

10.

Step on the footswitch to use the Er:YAG beam.

11.

If the Er:YAG beam is not in use for a while, the laser will return to “standby” mode and
the screen will display the main menu. In order to go back to ‘ready’ mode, put the beam
block in the “close or upright” position and repeat steps 7-9.

Shut-down
1.

Put the beam block in the “close or upright position”.
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2.

Turn the key switch to <OFF>.

Alignment
1.

Minimize the number of personnel in the work area.

2.

Position the sample around optic fibers only with the laser switched off.

3.

View the sample with the microscope only using the CCD camera. Keep laser light

levels low during this procedure.
4.

If the sample must be aligned by viewing through the microscope with the naked eye,

then switch the laser off. Never view the sample through the microscope with the naked eye
with the laser switched on.
5.

Ensure all personnel working around laser are wearing appropriate eye protection. Be

aware of the active beam line and how adjustment and new optics will redirect the beam. Be
aware of other personnel's positions. Do not direct beam or reflections toward other personnel.
6.

At each step of alignment, keep the beam blocked just beyond each optic under

adjustment to control its direction and to minimize the size of the nominal hazard area.
7.

Use caution when adding/removing optics and other reflective surfaces into the beam

line. Be aware how reflecting/scattering surfaces will redirect beam, particularly when handling
or inserting new optics into the beam path.
8.

Anchor optical mounts securely to the table so they cannot be inadvertently bumped,

causing a stray beam.
9.

Align using the co-axial HeNe laser first to achieve nominal alignment of optical train.
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10.

After aligning the system using the HeNe, turn on the IR beam to the lowest possible

setting and repeat alignment, adjusting each optic in sequence, blocking the beam behind each
optic in the train. Use the MIR viewer to see the beam. Never look down the beam axis.
11.

After alignment is complete, increase laser power to the target level gradually, checking

with the MIR viewer for additional stray beams that could present an eye hazard.
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